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DEFINITION  OF  MOTIONS 


Seven  small  recreational  boats  were  tested  at  the  Offshore 
Technology  Corporation  tank  to  obtain  data  necessary  for 
determining  whether  a  mathematical  simulation  of  swamping 
motions  is  feasible,  and  for  performing  an  analysis  of  the 
probability  of  swamping.  The  RAO  (response  amplitude 
operator)  curves  for  the  heave,  pitch  and  relative  transom 
motion  in  head  and  stern  regular  waves  were  measured. 
Emphasis  was  placed  on  obtaining  curves  that  were  very 
accurate . 

The  boats  included  those  which  have  been  determined  to  be 
involved  in  many  swamping  accidents,  namely  two  jonboats,  a 
dinghy,  a  runabout,  a  skiff,  a  dory,  and  a  half-scale  model 
of  one  of  the  jonboats.  The  latter  was  included  to  study 
the  size  effect,  should  nonlinearities  turn  out  to  be 
significant . 

Tests  were  made  with  two  v/ave  heights  in  order  to  detect 
any  nonlinearity  in  the  motion  due  to  wave  height.  With  one 
exception,  all  motions  turned  out  to  be  reasonably  linear 
and  in  the  case  where  they  were  not,  the  assumption  of 
linearity  would  result  in  a  conservative  estimate  of  the 
motions . 

All  tests  were  conducted  at  zero  speed  with  the  leads 
simulating  typical  payloads  up  to  the  limits  allowed  by  the 
present  Level  Floatation  regulation.  A  total  of  eighteen 
different  load  and  boat  combinations  v/ere  studied.  The 
distributions  of  the  payloads  were  such  as  to  loosely 
simulate  the  circumstances  in  which  swamping  accidents 
occur,  i.e.,  with  the  loads  concentrated  in  ends  of  the 
boats,  and  with  the  waves  approaching  from  the  low  ends  of 
the  boats. 

The  results  of  the  tests  of  the  half-scale  model  are 
unusable  because  purely  one-dimensional  waves  of  low 
amplitude  could  not  be  produced  in  the  tank. 

A  review  of  the  theoretical  methods  available  for 
predicting  the  motions  is  presented.  The  linear  strip- 
theory  program  HANSEL  was  chosen  for  the  feasibilty 
analysis,  despite  the  obvious  deficiencies  of  this  theory 
in  non-slender  hull  applications.  This  decision  was  made 
partly  for  economic  and  partly  for  technical  reasons.  The 
alternative  theoretical  tools  are  an  order  of  magnitude 
more  involved  in  terms  of  the  computing  time  and  they  are 
deficient  in  several  technical  aspects  too. 

The  HANSEL  program  was  modified  to  handle  boat  shapes,  and 
a  pre-processor  to  it  was  written  to  compute  the  boat 
offsets  in  a  standard  format  for  the  loaded  underbody. 
Another  modification  provides  motion  output  data  at  a  given 
point  on  the  boat,  such  as  the  transom,  in  addition  to  the 


center  of  gravity 


The  HANSEL  predictions  of  the  RAO  curves  vary  considerably 
in  quality,  without  apparent  trend.  Although  many 
predictions  were  excellent,  enough  were  so  poor  that  little 
trust  can  be  placed  in  the  linear  strip-theory  for  these 
applications . 

A  set  of  motion  predictions  was  made  for  a  leading 
condition  with  a  program  named  HYDR03  which  is  based  on  a 
3-D  source  distribution.  In  principle,  such  a  theory  shoulo 
be  better  suited  for  the  recreational  boats.  The  results 
obtained  indicate  some  improvement  over  the  results 
obtained  from  HANSEL,  but  valid  questions  still  remain  and 
it  is  impossible  to  conclude  that  this  theory  would  be 
sufficiently  accurate  for  all  cases,  without  performing 
more  extensive  comparisons.  They  were  not  included  here 
because  of  economic  limitations. 

A  probabilistic  analysis  of  swamping  tendencies  was 
performed  for  all  boats  and  loading  conditions,  in  seven 
sample  irregular  wave  conditions.  The  wave  spectra  used 
represented  rather  more  severe  conditions  than  might  be 
considered  typical  for  waters  with  small-boat  activities, 
however  little  choice  was  available  since  such  spectra  are 
scarce.  Also,  the  conditions  could  occur  on  large  lakes  and 
in  bays.  The  results  make  it  evident  that  small  corrections 
to  the  freeboard  would  not  make  the  boats  truly  safe  ir. 
waves  if  certain  extreme  load  distributions  were  to  be 
tolerated.  These  preliminary  results  indicate  that  the 
boats  may  not  be  suitable  for  operations  in  any  kind  of 
significant  wave  conditions.  In  order  to  make  the  boats 
truly  safe  in  waves,  without  changing  the  present  Level 
Floatation  regulation,  the  freeboard  would  need  to  be 
increased  by  close  to  100  %,  and  often  even  more. 

The  swamping  analysis  was  performed  based  on  both  the 
theoretically-predicted  and  measured  RAO  curves.  These 
results  confirmed  again  that  the  strip  theory  is  not 
suitable  for  the  present  applications. 


In  the  early  lS70s  recognition  of  a  continuing  high  level 
of  fatal  recreational  boating  accidents  prompted  the 
initiation  of  a  U.S.  Coast  Guard  program  to  seek  more 
effective  boating  safety  regulations.  The  first 
significant  effort  resulted  in  the  Cause  Identification 
Study  published  in  1975,  [21],  which  identified  the  seven 
leading  fatal  boat/accident  type  combinations.  These  are¬ 
as  follows: 


Table  1.  Accident  Cause  Identification 


Doat  Type 

Accident  Type 

%  of  Fatal 
Loading -Re la tec 
Accidents 

Lightweight  Eoat 

Capsizing 

20.7 

Lightweight  Boat 

Swamping 

15.7 

Canoe 

Capsizing 

10.0 

Runabout 

Swamping 

9.2 

Runabout 

Falls  Overboard 

o.e 

Lightweight  Boat 

Falls  Overboard 

6.1 

Runabout 

Capsizing 

4.2 

The  swamping  accidents  have  been  identified  to  occur  often 
in  longitudinal  waves  due  to  the  water  coming  over  the  boat 
transom,  either  at  the  bow  or  stern,  caused  by  insufficient 
boat  freeboard,  excessive  trim  and  excessive  motions  in 
v/aves . 

The  Cause  Identification  Study  also  developed  typical 
scenarios  for  the  various  boat/accident  type  combinations. 
Subsequently,  a  plan  was  developed  to  study  specific 
accident  mechanisms  to  provide  a  basis  for  deriving 
accident  prevention  measures,  possibly  including  a  new 
safeloading  regulation. 

The  regulation  in  force  at  present,  called  "Level- 
Floatation  Regulation"  requires  that  boats  under  20  feet  in 
length  float  approximately  level  when  loaded  with  people 
and  filled  with  water.  The  regulation  has  been  shown  to  be 
effective  in  reducing  the  number  of  small-boat  accidents, 
however  it  is  concerned  strictly  with  static  behavior  of 
the  boats.  The  large  number  of  accidents  in  v/aves  gave  rise 
to  a  concern  about  the  dynamic  behavior  of  the  boats. 

The  U.S .Coast  Guard  plan  called  for  a  study  of  feasibility 
of  both  mathematical  simulations  and  tank  modeling  of  the 
typical  accident  scenarios.  Two  studies  were  conducted  in 
1975  to  determine  the  feasibility,  [18]  and  [7] 
respectively.  They  covered  measurements  of  the  response 
amplitude  operators  of  boat  motions  in  wave  tanks, 
predictions  of  the  operators  by  linear  theories  and  time- 


domain  simulations  of  nonlinear  motions.  In  each  study  the 
results  of  the  application  of  the  respective  method  were 
compared  with  previously  conducted  full  scale  tests  of 
typical  boats.  On  the  basis  of  these  comparisons  it  was 
concluded  that  neither  method  was  feasible. 

In  October  1979,  the  U.S.  Coast  Guard  contracted  with  CAL-DE 
Corporation  to  complete  certain  unfinished  tasks  and  to 
assess  the  status  of  the  entire  program.  This  work,  [10], 
determined  that  the  conclusions  of  the  feasibility  studies 
of  tank  testing  and  mathematical  modeling  ,[18]  and  [7], 
had  to  be  disregarded  because  the  boat  motion  data,  which 
were  the  basis  for  the  study,  may  have  been  in  serious 
error.  Specifically,  the  full  scale  tests  did  not  measure 
steady-state  motions  but  rather  random  notions  in  a  seaway, 
and  the  wave  probe  used  for  the  tests  may  have  been 
systematically  in  error.  Similiar  troubles  with  the  wave- 
probe  negated  later  tank  tests  of  the  boat  motions,  [1]. 

This  determination  opened  again  the  question  of  the 
feasibility  of  mathematical  modeling  and  tank  testing.  The 
U.S.  Coast  Guard  extended  its  contract  v/ith  CASDE  to 
accomplish  this  work.  The  task  was  named  Phase  Ilia, 
Prediction  of  the  Swamping  Tendencies  of  Tvecrcational  Coats 
by  Means  of  Tank  Tests  and  Computer  Studies. 

It  should  be  noted  that  in  the  evolution  of  the 
recreational  boat  safe  loading  program  the  emphasis  has 
gradually  shifted  to  just  two  of  the  seven  leading  fatal 
boat/accident  combinations  -  swamping  of  lightweight  boats 
and  runabouts.  The  present  work  concentrates  exclusively 
on  the  swampings,  since  swamping  accidents  seem  to  be  more 
susceptible  to  reduction  by  regulation.  There  is  little,  if 
any,  work  being  done  at  the  present  tine  on  the  other  five 
combinations . 

Throughout  this  report,  the  swamping  is  defined  as  an 
occurance  of  an  event  such  that  the  instantaneous  boat 
freeboard  in  longitudinal  waves,  at  either  boat  end, 
becomes  zero,  i.e.,  of  the  water  flowing  or  about  tc  flow 
into  the  boat.  Essentially,  a  swamping  is  a  bow  or  transom 
immersion.  The  load  in  the  boat  is  static,  rigidely 
attached  to  the  boat.  The  waves  are  longitudinal,  either 
from  bow  or  stern. 

The  present  report  is  organized  into  three  parts.  The  first 
presents  measurements  of  vertical  motions  of  six  typical 
recreational  boats  in  longitudinal  waves.  The  motions 
induce  heave,  pitch  and  the  relative  motion  of  the 
freeboard  at  the  boat  low  end.  The  boats  are  loaded  as 
permitted  under  the  present  Level-Floatation  regulation 
simulating  a  range  of  loading  conditions  that  varied  from 
extreme  boat-end  load  to  even  keel.  The  motions  are  defined 
in  terms  of  the  motion  response  amplitude  operators 
(RAO's).  The  tests  are  performed  in  full-scale,  at  two 
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extreme  wave  heights  to  permit  an  evaluation  of  the 
importance  of  the  motion  nonlinearity.  The  conclusion  of 
this  part  is  that  the  motions  are  indeed  quite  linear. 

The  second  part  of  the  report  presents  comparisons  between 
the  measured  RAO's  and  those  predicted  theoretically.  An 
evaluation  of  the  available  theoretical  methods  for 
predicting  the  motions  is  given. 

The  third  part  presents  predictions  of  the  probability  of 
swampings  in  seven  sample  conditions  of  irregular  waves. 
All  these  conditions  represent  rather  severe  waves  for 
small  boats.  The  predictions  are  based  on  both  the  actual 
and  theoretically-computed  RAO's.  It  is  concluded  that  the 
theoretical  predictions  are  too  inaccurate  to  be  applicable 
to  a  general  class  of  recreational  boats.  A  prediction  is 
also  made  of  the  boat  freeboard  increase  necessary  to 
assure  some  low  probability  of  swamping.  The  range  of  the 
freeboard  increase  studied  was  from  0  to  8  inches.  Without 
exception,  all  boats  needed  over  8  inches  of  the  increase 
of  freeboard. 


The  last  two  parts  present  a  summary,  conclusions  and 
recommendations. 


2.0  TANK 


Q£  ££J£EN  RECREATIONAL  BQAXa 


In  order  to  evaluate  the  feasibility  of  analytical  modeling 
the  motions  it  is  essential  to  have  a  well-defined  sample 
of  the  motion  curves  for  comparisons  with  theory.  Such  a 
data  base  was  not  available  at  the  commencement  of  this 
project.  The  information  that  was  available  was  suspect 
with  regard  to  its  accuracy.  (For  example,  the  U.S.  Coast 
Guard  Research  and  Development  Center  had  conducted  wave 
tank  tests  of  a  jonboat  and  a  runabout  to  produce  RAO 
curves  but  for  the  reasons  outlined  in  [10],  the  results 
are  unreliable) .  Therefore  the  first  objective  is  to  obtain 
well  defined  RAO  curves  of  the  motions  of  a  representative 
sample  of  typical  small  recreational  boats. 

2.1  DESCRIPTION  Q£  TEST  EOATS 

Seven  boats  were  tested  in  total  of  18  loading  conditions. 
Two  boats  are  stock  aluminum  jonboats  which  are  typical  of 
the  types  most  frequently  involved  in  fatal  swamping 
accidents.  They  are  13.5  and  14  feet  in  length, 
respectively.  The  third  boat  is  an  8-foot  aluminum  dinghy. 
The  three  boats  were  selected  since  their  length  to  beam 
ratios  form  a  rather  systematic  series.  The  fourth  "boat" 
tested  is  a  half-scale  model  of  the  first  which  was 
intended  to  define  the  effect  of  a  pure  size  difference, 
should  some  nonlinear  effects  turn  out  to  be  significant. 
The  fifth  boat  is  a  12.125-foot  skiff.  It  is  similiar  to 
jonboats  but  it  has  a  full  pointed  bow  rather  than 
rectangular  waterlines.  The  sixth  boat  is  a  classical  New 
England  dory.  It  is  15.833-ft  long,  having  long  pointed 
overhangs  and  high  flares.  The  last  boat  is  a  very  popular 
tri-hull  runabout  15.3-ft.  long. 

Table  2  lists  the  principal  characteristics  of  the  boats. 
Figures  1  to  6  illustrate  the  full  offsets  of  the  boats  and 
the  accompanying  tables  list  the  numerical  values  of  the 
offsets. 

Table  2.  Boat  Characteristics 


BOAT 

LENGTH 

mm 

(LOA/ 

LIGHT 

MAXIMUM 

PERSONS 

MAX 

(LOA) 

BOA) 

WEIGHT 

WEIGHT 

CAPACITY 

IIP 

feet 

Hi 

lbs 

lbs 

13. 5' JONBOAT 

13.50 

3.75 

3.60 

80.0 

425 

2 

■1 

8'  DINGHY 

4.04 

1.98 

90.8 

400 

3 

v?n 

14'  JONBOAT 

14.00 

4.67 

3.00 

139. 

655 

3 

fa 

12 .1 'SKIFF 

12.12 

4.27 

2.84 

54.0 

629 

3 

Km 

15.8  DORY 

15.83 

4.00 

3.96 

155. 

496 

2 

■n 

15. 3' RUNABOUT 

15.33 

5.65 

2.72 

597 

1657 

5 

■9 

Light  Weight 

*  weight  of  the  boat  ' 

'as  purchased"  with  no  motor. 

Maximum  Weight*  maximum  total  weight  permitted  by  the  USCG  based 

on  the  Level  Floatation  regulation. 

2.2  DESCRIPTION  Q£  TEST  SERIES 

The  swamping  accident  scenarios  point  to  a  much  higher 
likelyhood  of  accidents  when  the  boats  are  heavily  loaded 
at  one  end,  then  when  the  load  is  distributed 
longitudinally.  This  is  not  surprising  since  the  freeboard, 
which  is  not  large  even  when  the  boats  float  at  an  even 
keel,  is  then  reduced  to  only  a  few  inches.  A  typical 
scenario  may  indicate  one  or  more  persons  sitting  at  the 
very  end  of  a  boat  and  trying  to  fix  the  motor  or  fighting 
an  anchor  line.  Therefore  strongly  asymetrical  loads  were 
included  in  the  series.  However,  no  specific  accident 
scenarios  were  followed. 

The  total  weight  of  the  payload  is  fixed  by  the  Level 
Floatation  regulation  and  is  manifested  by  the  weight  and 
persons  capacity  displayed  on  the  Coast  Guard  plate 
attached  to  the  boats.  It  should  be  noted  that  the 
regulation  leaves  complete  freedom  on  the  distribution  of 
the  load  in  the  boat.  The  loading  conditions  were  selected 
to  study  extreme  variations  in  trim  and  draft.  Normally, 
the  weight  of  maximum  person  capacity  (plus  motor  and  gear, 
where  applicable)  was  placed  at  the  stern  thwart.  If  this 
were  not  possible  because  of  volumetric  limitations,  one  or 
more  person's  weight  was  placed  on  the  thwart  amidships. 
This  would  constitute  one  load  condition.  Another  one  or 
two  conditions  were  obtained  by  removing  one  or  tv/o  persons 
from  the  heavy  boat  end.  The  last  condition  was  obtained  by 
placing  the  weight  at  the  other  boat  end.  The  13.5-ft. 
jonboat  which  was  most  typical  of  a  type  most  frequently 
involved  in  fatal  swamping  accidents  was  tested  more 
thoroughly  in  both  head  and  following  seas,  than  the  other 
boats . 

The  entire  test  series  were  performed  during  three  distinct 
time  periods.*  The  tests  of  the  8  ft.  jonboat  were 
performed  at  two  separate  times.  Because  of  limited  time 
at  the  test  tank,  the  tests  of  the  8  ft.  jonboat  were  not 
completed  during  the  first  test  period  "  and  they  were 
resumed  during  the  next  test  period.  Although  it  was 
intended  to  keep  the  boat  loading  and  other  parameters  the 
same  in  both  test  periods,  some  small  differences  occured 
and  therefore  the  two  tests  are  treated  as  separate  loading 
conditions . 


*)  The  original  project  plan  called  for  testing  the  13.5-ft 
jonboat,  its  half-scale  and  the  8-ft.  dinghy  first,  then 
for  making  comparisons  of  the  results  with  the  theory, 
followed  by  making  modifications  to  the  theory  to  improve 
the  quality  of  the  theoretical  predictions,  if  possible  and 
practical,  and  finally  for  testing  the  remaining  boats, 
thus  verifying  the  modified  theory.  However,  since  no 
theory  modifications  were  made  (as  is  discussed  in  Section 
3.5  of  this  report) ,  all  test  results  are  reported  as  if 
they  were  performed  in  a  single  series. 


The  half-scale  model  was  loaded  with  weights  appropriately 
scaled  to  the  weights  of  the  prototype.  However,  because 
the  empty  model  hull  was  slightly  heavier  than  it  should 
have  been,  some  of  the  interior  weights  at  the  center  of 
gravity  were  correspondingly  reduced  so  that  the  total 
weight  was  correctly  scaled,  but  this  introduced  some 
discrepancy  in  the  moment  of  inertia. 

The  test  series  1200  represents  a  boat  floating  at  even 
keel.  This  is  the  only  condition  tested  of  this  type.  It 
was  included  in  order  to  evaluate  the  motions  and  swampings 
in  a  potentially  safest  loading  condition. 

Because  the  8  ft.  jonboat  has  a  maximum  persons  capacity  of 
two  and  a  maximum  weight  capacity  of  300  pounds,  the  weight 
of  the  simulated  persons  used  in  test  series  1100  and  1200 
was  150  pounds  each. 

A  summary  of  the  load  conditions  for  each  test  series  is 
given  in  Table  3. 


Table  3.  Summary  of  Load  Conditions 


BOAT 

TYPE 


10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

130 

140 

150 

160 

170 

180 

190 

195 

200 

205 

2100 

2150 

2200 

2250 

2300 

2350 

2400 

2450 

2500 

2550 

2600 

2650 

2700 

2750 

2800 

2850 


D I NGH 


DINGH 


DINGH 


ISKIFF 


ISKIFF 


13.5 

13.5 

13.5 

13.5 

13.5 

13.5 

13.5 

13.5 

6.75 

6.75 

8.00 

8.00 

8.00 

8.00 

8.00 

14.0 

14.0 

14.0 

14.0 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

12.1 

12.1 

12.1 

12.1 

12.1 

12.1 

15.8 

15.8 

15.8 

15.8 

15.8 

15.8 


LQA 

BOA 

LOADING 

CONDITION 

DISPL. 

lbs 

3.60 

1  Man  Aft 

342.45 

3.60 

1  Man  Aft 

342.45 

3.60 

2  Men  Aft 

507.45 

3.60 

2  Men  Aft 

507.45 

3.60 

lAft/lMid 

507.45 

3.60 

lAft/lKid 

507.45 

3.60 

2  Men  Fwd 

507.45 

3.60 

2  men  Fwd 

507.45 

3.60 

1  Man  Aft 

48.96 

3.60 

1  Man  Aft 

48.96 

1.98 

1  Man  Aft 

342.70 

1.98 

1  Man  Aft 

336.65 

1.98 

1  Man  Aft 

336.65 

1.98 

Even  Keel 

428.40 

1.98 

Even  Keel 

428.40 

3.00 

2Af t/lMid 

784.50 

3.00 

2Af t/lMid 

784.50 

3.00 

2Fwd/lMid 

794.00 

3.00 

2Fwd/lMid 

794.00 

2.72 

3Aft/2Mid 

1657.2 

2.72 

3Aft/2Mid 

1657.2 

2.72 

3  Aft 

1327.2 

2.72 

3  Aft 

1327.2 

2.72 

2 Fwd/ 2M id 

1492.2 

2.72 

2 Fwd/ 2M id 

1492.2 

2.84 

2Aft/lMid 

628.75 

2.84 

2Af t/lMid 

628.75 

2.84 

lAft/lMid 

463.75 

2.84 

lAft/lMid 

463.75 

2.84 

2Fwd/lMid 

625.50 

2.84 

2Fwd/lMid 

625.50 

3.96 

lAft/lKid 

496.25 

3.96 

lAft/lMid 

496.25 

3.96 

1  Aft 

331.25 

3.96 

1  Aft 

331.25 

3.96 

1  Fwd 

331.25 

3.96 

1  Fwd 

331.25 

4326 

4326 

4414 

4414 

7727 

7727 

13280 

13280 

186.8 

186.8 

1479 

1515 

1515 

2651 

2651 

8851 

8851 

17583 

17583 

23313 

23313 

20565 

20565 

26341 

26341 

5645 

5645 

5139 

5139 

6730 

6730 

6184 

6184 

5099 

5099 

4236 

4236 


LCG 

LKL 

BWL 

ft 

10.49 

2.92 

10.49 

2.92 

10.77 

2.47 

10.77 

2.47 

8.69 

3.90 

8.69 

3.90 

3.99 

3.09 

3.99 

3.09 

4.68 

3.72 

4.68 

3.72 

5.93 

1.50 

5.95 

1.48 

5.95 

1.48 

4.89 

1.87 

4.89 

1.87 

9.90 

2.65 

9.90 

2.69 

8.97 

3.02 

8.97 

3.02 

10.4 

2.56 

10.4 

2.56 

11.0 

2.46 

11.0 

2.46 

7.65 

2.82 

7.65 

2.82 

9.36 

2.39 

9.36 

2.39 

8.84 

2.63 

8.84 

2.63 

5.28 

2.75 

5.28 

2.75 

9.42 

4.08 

9.42 

4.08 

10.5 

3.69 

10.5 

3.69 

5.44 

3.53 

5.44 

3.53 

-3.1  Stern  1.5 
-3.1  Stern  6.0 
-5.3  Stern  1.5 
-5.3  Stern  5.0 
-1.3  Stern  1.5 
-1.3  Stern  6.0 
Head  1.5 
Head  3.0 
Stern  0.75 
Stern  1.5 
Stern  1.5 
Stern  1.5 
Stern  3.0 
-0.8  Head  1.5 
-0.8  Head  3.0 
Stern  1.5 
Stern  3.0 
Head  1.5 
Head  3.0 
Stern  2.0 
Stern  6.0 
Stern  2.0 
Stern  6.0 
Head  2 . 0 
Head  6.0 
Stern  2.0 
Stern  6.0 
Stern  2.0 
Stern  4.0 
Head  2.0 
Head  6.0 
Stern  2.0 
Stern  4.0 
Stern  2.0 
Stern  4.0 
1.63  iHead  2.0 
1.63  Head  4.0 


where: 

JON 

DINGH 

RUNAB 

Mid 

I 

LCG 

HGHT 

FRfctB 


jonboat 

dinghy 

runabout 

amidships 

moment  of  inertia  in  pitch 

location  of  center  of  gravity  aft  of  extreme  bow 
neignt 

mean  fr^uboard  -*c  cn_  low  u _ (^xp^s..*.  ■>.»>■.) 


LOW 

FREE 

ft 


0.82 

0.82 

0.54 

0.54 

0.88 

0.88 

0.45 

0.45 

0.40 

0.40 

0.73 

0.74 

0.74 

0.96 

0.S6 

0.64 

0.64 

0.38 

0.38 

0.62 

0.62 

0.60 

0.60 

0.47 

0.47 

0.53 

0.53 

0.81 

0.81 

1.00 

1.00 

0.85 

0.85 

0.70 

0.70 

1.12 

1.12 


2.3  EtiQCiiPUflhS 


iiic  tcece  w  eie  conauctea  in  the  Offshore  Technology 
Corporation  model  basin  at  Escondido,  California.  The  tank 
is  295  ft.  long  and  48  ft.  wide.  At  the  time  of  the  test 
the  water  depth  was  13  ft.  The  tank  has  the  capability  of 
producing  regular  or  irregular  waves  up  to  about  2.3  ft.  in 
height.  Tests  were  conducted  in  head  and  following  seas. 
In  all  cases  the  boats'  speed  was  zero  per  typical 
scenarios  developed  for  swamping  type  accidents. 

The  motion  response  parameters  of  interest  were  pitch, 
heave,  instantaneous  freeboard  at  the  end  of  the  boat 
facing  the  oncoming  waves,  (which  was  always  loaded  to  be 
the  low  end) ,  and  the  wave  height  at  a  fixed  reference 
point  with  respect  to  the  boat.  According  to  the 
documented  accident  scenarios,  boats  involved  in  "fatal 
swamping  accidents  "  are  not  under  power  at  the  time  of  the 
swamping . 

Since  the  purpose  of  these  tests  was  to  produce  RAC  curves 
of  the  appropriate  boat  motions  it  was  not  necessary  to 
simulate  swamping  conditions,  per  se.  Indeed,  if  swamping 
did  occur  during  testing,  the  dynamic  characteristics  of 
the  boat  would  be  modified  by  some  unknown  amount. 
Therefore  the  tests  were  conducted  at  two  nearly  constant 
wave  heights.  One  was  the  highest  that  could  be  tolerated 
without  the  risk  of  water  entering  the  boat.  This  height 
was  nominally  6  inches  in  full-scale.  Since  the  use  of  the 
RAO  curves  implies  linearity  of  the  motion  response  with 
wave  height  for  infinitesimal  heights,  RAO  curves  were  also 
obtained  at  the  minimum  wave  height  at  v/hich  the  responses 
could  still  be  measured  accurately.  This  height  was  about 
one-fourth  of  the  wave  height  of  the  main  test  series, 
i.e.,  nominally  1.5  inches  full  scale.  If  the  RAO  curves 
produced  at  each  wave  height  are  essentially  equal,  then 
the  response  can  be  considered  linear  over  the  whole  range 
of  wave  heights  up  to  that  which  would  cause  swamping.* 

In  all  tests,  the  static  quantities  were  measured  in  the 
same  manner,  as  follows.  The  weight,  center  of  gravity  and 
pitch  moment  of  inertia  of  the  lightboat  were  measured  on 
the  Offshore  Technology's  scales  and  swing  table  designed 
specifically  for  this  purpose.  The  pitch  inertia  was 
confirmed  in  a  few  cases  by  swinging  the  boat.  The  weight, 
centers  and  inertia  of  the  simulated  payload  and  test 


*)The  test  series  100  (13,5  ft.  jonboat  in  stern  waves, 
loaded  with  one  man  sitting  aft)  was  tested  at  three 
different  wave  heights,  rather  than  two:  1.5,  3.  and  6 
inches.  However,  since  the  linearity  was  evident  even  in  6 
inch  waves,  the  results  obtained  with  3  inch  waves  are  not 
shown,  for  simplicity  of  computerized  plotting. 
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equipment  were  found  by  calculation.  Appendix  2  presents 
the  loading  sheets  for  all  test  conditions. 

The  load  was  simulated  as  follows.  The  persons  weight  was 
simulated  by  pieces  of  lead  attached  to  the  seats  or  boat 
floor,  as  required  by  the  internal  arrangements  of  the 
boats.  Typically  the  height  of  the  lead  center  of  gravity 
was  6  inches  above  the  seat  or  floor  level.  The  weight  of  a 
person  was  taken  at  165  pounds.  In  all  tests,  except  those 
of  the  dory  boat  and  of  the  test  series  1200,  a  65-pound 
motor  was  attached  in  its  designed  location.  The  dory  is  a 
rowing  boat,  with  no  motor.  The  test  series  1200  represents 
an  even  keel  condition. 

The  tests  were  performed  on  three  different  occasions 
several  months  apart.  During  this  time  the  tank  ownership 
has  changed,  together  with  the  test  instrumentation  and 
procedures.  For  this  reson,  different  instrumentation  and 
procedures  were  used  in  different  tests.  These  are  now 
described  individually. 


INSTRUMENTATION  AUC  PROCEDURE  XU  TESTS  IQQrliSQ 

Prior  tests  procedures  [1,7]  held  the  test  boat  at  a  fixed 
longitudinal  position  in  the  tank  (i.e.  at  zero  drift 
velocity)  by  tether  lines  attached  at  the  deck  level. 
These  tethering  methods  seemed  to  modify  the  boat's  pitch 
response.  It  would  be  desirable  to  tether  a  boat  from  the 
center  of  gravity  to  minimize  any  pitch  constraints.  But 
such  a  tether  attachment  point  would  permit  the  boat  to 
yaw.  It  was  decided  therefore  to  tether  the  model  from  a 
point  on  the  bottom  about  halfway  between  the  center  of 
gravity  and  the  upstream  end  of  the  boat  by  means  of  a 
chain  hung  in  a  catenary  from  a  point  well  upstream  from 
the  test  boat.  The  static  weight  of  the  chain  at  the 
attachment  point  on  the  boat  was  considered  as  a  constant 
load  in  the  boat's  weight  and  moment  summary.  It  was 
considered  that  this  method  of  tethering  would  have  a 
minimal  influence  on  the  boat's  motion  response  during 
testing  and  this  was  borne  out  by  observations  during  the 
tests.  Although  the  point  of  attachment  of  the  tether 
chain,  ahead  of  the  center  of  gravity,  was  adequate  to 
maintain  the  boat  at  the  desired  zero  or  180  degree 
heading,  a  pair  6f  light  lines  were  arranged  from  the 
downstream  end  of  the  boat  to  the  sides  of  the  tank.  These 
lines,  which  were  normally  left  slack  to  minimize  external 
constraints  on  the  boat,  were  effective  in  correcting  any 
temporary  heading  deviations. 

Each  train  of  regular  waves  of  different  period  generated 
during  the  f-ests  produced  a  different  drift  force  on  the 
boat.  This  caused  the  boat  to  drift  to  a  different  mean 
surge  position  during  each  test  run.  However,  the 
instrumentation  required  that  the  boat  be  maintained  at  a 
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fixed  mean  surge  position.  This  was  accomplished  by 
hauling  forward  on  the  tether  line  until  the  boat  attained 
the  correct  steady  state  longitudinal  position.  Motion 
data  was  recorded  for  ten  wave  cycles  after  this  steady 
state  position  was  achieved. 

For  purposes  of  redundancy  and  reliability,  pitch  and  heave 
measurements  were  each  taken  with  two  independent 
instruments.  Pitch  v/as  measured  with  two  vertical 
gyroscopes  mounted  athwartships  from  each  other  on  the 
bottom  of  the  boat. 


The  first  instrument  for  measuring  heave  was  an  ultrasonic 
transducer  mounted  on  the  bottom  of  the  boat  beneath  the 
center  of  gravity.  It  measured  heave  by  recording  the  time 
for  a  sound  wave  to  be  reflected  back  from  the  concrete 
bottom  of  the  tank  via  the  shortest  path.  The  second 
instrument  for  measuring  heave  consisted  of  a  pair  of 
rotary  potentiometers  mounted  on  the  carriage  above  the 
boat.  The  potentiometers  were  rotated  by  wires  which  ran 
over  sheaves  on  the  potentioneter  shafts.  The  Wires  we  re¬ 
connected  to  the  boat  at  its  center  of  gravity.  The 
potentiometer  signals  were  then  converted  to  the  distances 
from  the  fixed  position  of  the  potentiometers  to  the  center 
of  gravity  of  the  boat.  Then,  assuming  no  sway  motion, 
these  distances  were  converted  by  geometry,  in  real  time  by 
computer  into  pure  heave  and  surge  componants.  Appendix  1 
presents  a  derivation  of  the  procedure.  (Although  the 
surge  motion  was  obtained  as  a  byproduct,  it  is  not  used  in 
this  study.)  The  accuracy  of  the  heave  measurements 
obtained  by  this  method  is  somewhat  less  reliable  than  the 
acoustic  method  because  the  computations  also  depended  upon 
a  visual  measurement  of  the  mean  surge  position  which  was 
not  always  held  steady.  Nevertheless,  the  availability  of 
this  instrumentation  enabled  testing  to  continue  on  several 
occasions  when  the  ultrasonic  transducer  failed. 

Water  height  at  the  end  of  the  boat  was  measured  with  a 
resistance-type  wave  probe  mounted  on  the  boat  on  the 
centerline  in  head  waves  and  just  to  the  side  of  the 
outboard  motor  in  stern  waves. 

Wave  height  was  measured  by  a  resistance-type  wave  probe  at 
the  side  of  the  tank  (clear  of  any  possible  wave  distortion 
by  the  boat)  transversely  aligned  with  the  center  of 
gravity  of  the  boat. 

Data  reduction  was  performed  on  the  Offshore  Technology 
computer  in  real  time  and  immediately  following  each  run. 
The  reduced  data  included  the  wave  period,  and  the  RAO's  of 
each  insrumeht  signal.  The  exception  were  the  phase  angle- 
computations  which  required  separate  and  apparently  long 
computer  runs.  The  data  printout  included  the  statistics  of 
all  quantities  measured  and  the  RAO  curves,  including  the 
phases.  The  measured  quantities  were  also  recorded  on  a 


strip  chart  recorder.  About  20%  of  the  measurements  were 
later  discarded  because  they  were  observed  to  be  strongly 
non-harmonic,  irregular  or  interrupted  on  the  strip  chart 
recording,  or  when  both  sets  of  redundant  instruments 
failed. 

When  both  instruments  were  trusted,  (e.g,  in  the  pitch 
case) ,  the  final  RAO  curve  was  obtained  by  averaging  the 
results  of  both  instruments.  In  the  heave  case,  the 
acoustic  measurements  were  used  alone,  unless  the  acoustic 
transducer  broke  down  in  which  case  the  potentiometer 
instrument  data  was  used  for  the  RAO  curve.  In  all  cases 
there  was  a  single  final  RAO  curve  determined  for  each 
combination  of  the  wave  height,  loading  condition  ano 
motion  mode. 

The  number  of  different  wave  frequencies  was  typically  20 
to  40  in  small  waves  and  5  to  15  in  high  v/aves.  Tests  wore 
repeated  up  to  four  tines  at  two  wave  frequencies  in  order 
to  examine  the  scatter  in  the  measurements. 

Still  photos  were  taken  of  each  boat  in  each  load  condition 
and  16  mm.  motion  pictures  v/ere  taken  of  all  high  wave 
tests. 


INSTRUMENTATION  Mil  PROCEDURE  HI  TESTS  14QQ-19.5Q 

The  tethering  system  and  the  tank  wave  height  measurements 
were  identical  to  those  described  above.  The  heave  and 
pitch  motions  v/ere  measured  with  the  Offshore  Technology 
Corporation's  motion  sensing  transducer  (KST) ,  illustrated 
in  Figure  7.  The  device  consists  of  a  telescoping  arm  which 
extends  from  a  pivot  point  on  the  carriage  to  a  pivot  point 
on  the  boat.  Through  sensing  and  measuring  the  angular 
displacements  at  both  pivot  points  and  the  extension  of  the 
arm,  the  six  degree  of  freedom  motions  at  the  boat  center 
of  gravity,  (as  well  as  at  any  other  point)  can  be 
computed.  The  MST  was  attached  at  the  center  of  gravity  of 
the  light  boat  (which  point  has  no  essential  relevance  to 
the  loaded  boat  but  is  convenient  as  a  reference  point) . 
Motion  data  was  computed  for  the  center  of  gravity  of  the 
boat  as  loaded.  A  gyro  was  also  installed  on  the  boats, 
primarily  for  checking  the  readings  of  the  MST,  but  its 
readings  v/ere  not  used  in  data  processing. 

Relative  water  height  of  the  low  end  of  the  boat  was 
measured  by  a  v/ave  probe  mounted  on  each  of  the  transom 
corners . 

The  phase  angles  v/ere  not  measured  in  these  tests,  for 
economic  reasons.  All  the  tests  were  filmed  on  a  TV  video 
system. 


INSTRUMENTATION  ME  PROCEDURE  1R  TESTS  2.QJ0.-2fl5.Q » 

The  heave,  pitch  and  transom  motions,  as  well  as  the  wave 
height,  were  measured  as  in  the  tests  1400-1S50.  The 
tethering  system  consisted  of  four  very  light  and  extremely 
stretchable  fishing  lines  attached  to  two  boat  ends  at  the 
waterline.  Again,  no  measurements  of  the  phase  angles  were 
taken,  for  economy  reasons.  The  tests  were  filmed  on  TV 
video  system. 


Photographs  of  the  boats  in  position  for  testing  are- 
shown  in  Figures  8  to  13. 


2.4  TEST  RESULTS 


The  results  of  the  tests  are  presented  in  Figures  14 
through  32  as  plots  of  response  amplitude  operator  (RAO) 
versus  the  ratio  of  wave  length  to  overall  boat  length 
(LOA) .  Test  series  where  the  boat  load  condition  is  the 
same  and  only  the  wave  height  is  different  are  shown  in  the 
same  figure.  Each  test  series  is  denoted  by  a  distinct 
Figure  number,  with  the  individual  motion  modes  being 
denoted  by  letters  (a)  to  (e) ,  as  follows: 

a)  heave  RAO  (all  tests) 

b)  pitch  RAO  (all  tests) 

c)  transom  relative  motion  RAO  (all  tests) 
a)  heave  phase  (lag),  (tests  100-1100  only) 
e)  pitch  phase  (lag), (tests  1C0-1100  only) 


The  problem  of  linearity  of  the  responses  is  summarized  in 
Table  4.  For  each  loading  condition  and  motion  mode,  the 
table  gives  a  yes  or  no  answer  to  the  question:  does  the 
motion  response  appear  linear  in  wave  height?  The  answer  is 
strictly  qualitative,  however  in  the  vast  majority  of  the 
cases  there  is  no  doubt  about  it. 

In  most  cases  there  is  some  small  difference  between  the 
RAO  curves  measured  in  low  and  high  waves,  on  the  order  of 
10%  and  sometimes  reaching  30%  ,  but  the  experimental 
scatter  of  the  points  is  just  as  much,  and  often  even  more. 
A  difference  of  20%  is  considered  quite  acceptable  in  the 
motion  estimates,  therefore  such  cases  are  considered  to  be 
linear . 

There  are  only  4  cases  out  of  the  total  of  64  in  which  the 
two  response  curves  are  radically  different  from  each 
other,  (heave,  pitch  and  transom  RAO's  in  Test  2300,  and 
heave  RAO  in  Test  2600).  In  Test  2300  the  high-wave  RAO's 
are  lower  than  the  low-wave  RAO's,  as  expected.  This  case 
is  therefore  clearly  nonlinear.  Due  to  the  trend  of  the 
nonlinearity,  the  linear  predictions  of  the  responses  would 
give  conservative  estimates.  In  Test  2600  the  high-wave 
heave  response  is  dramatically  larger  than  the  low-wave 
response  which  is  physically  possible  but  very  unlikely 
(see  any  theory  of  nonlinear  vibrations)  .  Furthermore,  this 
occured  only  in  heave,  while  both  pitch  and  transom 
responses  remain  perfectly  linear.  Therefore  it  is 
suspected  that  the  the  apparent  nonlinearity  in  this  case 
is  a  result  of  an  instrument  malfunction. 

It  is  interesting  to  note  that  the  transom  motion  exhibits 
much  more  linear  behavior  than  either  the  heave  or  pitch, 
which  indicates  that  the  nonlinear  contributions  of  heave 
and  pitch  tend  to  cancel  one  another.  This  is  a  positive 
trend  since  it  is  the  transom  motion  which  is  of  primary 
interest  in  the  swamping  problem. 


Because  of  the  small  height  of  freeboard  of  the  half-scale 
model/  the  highest  wave  that  could  be  used  without  swamping 
the  boat  was  1.5  inches.  The  wave  maker  produced  low- 
amplitude  transverse  waves  in  the  tank,  particularly  when 
generating  short  waves.  These  were  of  little  consequence 
when  testing  the  full-scale  boats  in  larger  waves  but 
they  contaminated  the  smaller  waves  during  the  half-scale 
model  tests.  The  large  scatter  of  the  test  results  shown  in 
Figures  18  is  so  great  that  no  conclusions  can  be  drawn 
regarding  the  linearity  of  the  results  or  the  effect  of  the 
scale.  For  this  reason,  test  series  900  is  discarded. 


Table  4.  Evaluation  of  Linearity  of  Motions 


TEST  SERIES 

BOAT 

Does  t 

:he  motion  appear  linear  ? 

HEAVE 

RAO 

PITCH 

RAO 

TRANSOM 

RAO 

HEAVE 

PHASE 

PITCH 

PHASE 

100+  200 

13. 5' JON 

yes 

yes 

yes 

yes 

yes 

300+  400 

13. 5' JON 

yes 

yes 

yes 

yes 

yes 

500+  600 

13. 5' JON 

yes 

yes 

yes 

yes 

yes 

700+  700 

13.5 'JON 

yes 

yes 

yes 

yes 

yes 

900+1000 

6. 75' JON 

- 

- 

- 

- 

- 

1300+1400 

8' DINGHY 

yes 

yes 

yes 

- 

- 

1500+1600 

8' DINGHY 

yes 

yes 

yes 

- 

- 

1700+1800 

14'  JON 

yes 

yes 

yes 

- 

- 

1900+1950 

14*  JON 

yes 

yes 

yes 

- 

- 

2000+2050 

RUNABOUT 

yes 

yes 

yes 

- 

- 

2100+2150 

RUNABOUT 

yes 

yes 

yes 

- 

- 

2200+2250 

RUNABOUT 

yes 

yes 

yes 

- 

- 

2300+2350 

SKIFF 

no 

no 

no 

- 

- 

2400+2450 

SKIFF 

yes 

yes 

yes 

- 

- 

2500+2550 

SKIFF 

yes 

yes 

yes 

- 

- 

2600+2650 

DORY 

no 

yes 

yes 

- 

- 

2700+2750 

DORY 

yes 

yes 

yes 

- 

- 

2800+2850 

DORY 

yes 

yes 

yes 

— 

In  summary,  the  motions  are  reasonably  linear,  with 
nonlinear  contributions  being  of  the  same  order  as  the 
experimental  scatter  of  the  points.  Where  the  differences 
between  the  low  and  high-wave  RAO's  occur,  the  higher-wave 
RAO  curve  is  lower,  as  expected.  Therefore  it  is  concluded 
that,  for  engineering  applications  of  the  present  type, 
the  motions  can  be  treated  as  linear  and  that  this 
conclusion  results  in  a  conservative  estimate  of  the 
motions . 


3.0  THEORETICAL  PREDICTIONS  Q£  DQAT  MOTIONS 
3.1  REVIEW  Q£  THEORIES  Q£  MOTIONS  Hi  WAVES 


The  present  discussion  is  limited  to  the  motions  in  the 
vertical  plane,  i.e.,  heave  and  pitch  and  the  vertical 
motion  of  the  transom  relative  to  the  water  level  at  the 
transom,  since  these  are  the  motions  of  importance  in  the 
swamping  problem. 


Linear  Theories 

The  theoretical  predictions  of  ship  notions  in  waves  ere 
fairly  well  established  in  the  profession.  The  famous  paper 
by  St. Denis  and  Pierson  published  in  1953,  [15],  on  the 

application  of  the  principle  of  superposition  to  the  ship- 
motion  problem,  suggested  that  the  prediction  of  the 
motions  in  irregular  waves  can  be  performed  in  two  steps. 
The  first  is  to  predict  the  notions  in  regular  waves  and 
the  second  to  compute  the  motion  spectra  and  statistics 
from  these  and  from  the  wave  spectra.  This  prbeudure  is 
theoretically  valid  if  the  sea  state  is  sufficiently  low, 
however  many  results  indicate  that  the  predictions  remain 
of  high  accuracy  even  in  high  sea  states  since  the  ship- 
motions  remain  linear  in  wave  amplitude  up  to  fairly  high 
wave  heights. 

The  main  theoretical  effort  has  been  directed  toward 
predicting  the  linear  motions  in  regular  waves.  The  linear 
coupled  equations  of  the  heave  and  pitch  motions  can  be 
written  in  the  following  form 

[m+a33 (u) ] x3  4b33(w)x3  4033x3  4-  a35(w)  x  5  4t>35(‘*>)x5  4035x5  =F3  4-FD3  («,aij,bij) 

a53 (w)  x'3  4b53Mx3  +C53  *3  +[I+a55(<*>)  ]x's  4b55(w)xs  4055x5  =Fs  +FD5(waij  ,bij) 

(1) 

In  these  equations,  m  and  I  are  the  boat  mass  and  pitch 
moment  of  inertia  in  air;  they  are  the  only  terms  v/hich  are 
known  exactly.  The  terms  Cij  represent  coefficients  of  the 
hydrostatic  restoring  forces  (the  waterplane  area  and  its 
moments)  .  Fp  are  the  hydrostatic  parts  of  the  v/ave 
excitation  forces,  often  called  the  Froude-Krilov  forces. 
Under  the  assumption  of  linearity  of  the  motions,  the 
waterplane  area  and  shape  must  be  assumed  constant,  this 
implies  that  the  vessel  is  assumed  to  be  wall  sided.  The 
terms  a^j  (w  )  ,  b^j  (w  )  and  Fpi  are  respectively  the 
hydrodynamic  added  mass,  the  wave  making  damping  and  the 
diffraction  part  of  the  wave  excitation  force  (the  part 
resulting  from  the  disturbance  of  the  incident  wave  system 
by  the  wave  reflection  on  the  body  and  by  the  body 
motions) .  The  diffraction  part  of  the  excitation  is  an 
explicit  function  of  a^  and  bi3,  therefore  the  total 
hydrodynamic  problem  reduces  to  the  calculation  of  these 


two  groups  of  terms,  and  this  is  by  far  vhe  most  difficult 
and  involved  computational  task.  Also,  these  are  the  only 
terms  that  are  subject  to  differences  among  various 
theories.  The  terms  can  be  expressed  as  sums  of  the 
contributions  which  are  and  are  not  dependant  on  the 
forward  speed  of  the  vessel.  There  is  still  some 
uncertainty  regarding  the  speed-dependent  terms,  however 
there  is  a  consensus  regarding  the  speed-independant  terms. 
In  the  present  problem  where  the  speed  is  zero,  all  speed 
dependant  terms  drop  out. 

There  are  two  procedures  with  practical  usefulness  for 
computing  the  terms  aij  and  bij»  fche  strip  theory  met'ncc 
and  the  3-D  source  distribution  method. 


Linear.  Strip  Theory  &£  ship  notions 

Several  linear  theories  have  been  developed  based  on  the 
so-called  strip  theory  in  which  it  is  assumed  that  the 
fluid  flow  changes  much  less  in  the  longitudinal  ship 
direction  than  in  the  transverse  direction  and  therefore 
the  total  three-dimensional  flow  problem  can  be  divided 
into  two-dimensional  flow  problems  separately  for  each  ship 
section  and,  upon  solution,  integrated  over  the  ship 

length.  Under  this  assumption  the  terms  aij  and  bij  in 
equations  (1)  are  computed  first  for  the  ship  segments 
individually,  where  each  segment  is  replaced  by  a  2-D 
cylinder  of  the  cross  section  equal  to  the  ship  station, 
and  then  integrated  over  the  ship  length  to  yield  the  added 
mass  and  damping  for  the  entire  ship.  There  are  three 
competing  methods  for  computing  the  two  dimensional 
quantities,  they  are  all  roughly  similiar  in  terms  of  the 
computational  efficiency  They  are  reviewed  in  detail  in 
[4]  and  [17],  The  most  popular  method  seems  to  be  the 
source  method  where  2-D  sources  are  distributed  over  the 
contour  of  each  section. 

The  most  recent  and  complete  linear  theory  is  possibly  that 
developed  by  Salvesen  et  al.,  in  1970,  [17],  Based  on  this 
theory  a  computer  program  has  been  developed  by  f’SP.DC  and 
Det  Norske  Veritas  in  1971,  [9].  The  program  predicts  the 

ship  motions  in  all  six  degrees  of  freedom  in  regular  waves 
of  arbitrary  direction.  The  program  has  been  demonstrated 
to  predict  the  Vertical  motions  with  almost  perfect 
accuracy,  provided  the  theory  assumptions  are  not  violated. 
These  assumptions  are  summarized  as  follows. 

•  Ship  is  long  and  slender  with  smooth  and 
moderate  changes  of  shape  in  the 
longitudinal  direction.  The  length  is  much 
larger  than  the  beam  and  draft. 

•  The  theory  assumes  that  the  waves  are  short, 
of  the  order  of  the  ship  beam  rather  than 
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length.  This  assumption  is  necessary  m 
order  to  justify  the  2-D  calculation  of  the 
hydrodynamic  terms  in  the  equations  of 
motion.  The  results  for  long  waves  are  still 
predicted  quite  accurately  but  this  is  in 
spite  of,  rather  than  due  to,  the  theory 
characteristics.  Namely  the  ship  behaviour 
in  long  waves  is  governed  primarily  by  the 
hydrostatic  terms  (m,I  and  cij  in  equations 
1)  therefore  the  large  relative  errors  of 
the  hydrodynamic  terms  do  not  affect  much 
the  final  accuracy. 

•  A  large-transom  stern  is  detrimental  because 
it  would  constitute  a  sharp  change  of  shape 
in  the  longitudinal  direction. 

•  The  ship  is  assumed  to  be  wall-sided. 

•  The  diffraction  part  of  the  excitation  force 
is  predicted  accurately  only  on  parallel 
midbody.  The  end  sections  are  subject  to 
larger  errors.  A  transom  stern  may 
especially  cause  errors  in  the  diffraction 
terms  at  slow  or  zero  ship  speed.  The  lack 
of  accurate  diffraction  calculation  on 
ships  with  a  transom  may  cause  poor 
predictions  of  the  motion  of  the  transom 
relative  to  the  wave  elevation  for  two 
reasons.  The  first  is  that  the  motion  in 
real  life  occurs  relative  to  the  sum  of  the 
incident  and  diffracted  waves  while  the 
diffracted  wave  height  cannot  be  determined 
directly  by  the  theory;  the  predictions  can 
only  indicate  the  motion  relative  to  the 
incident  wave  alone.  Therefore  when  the 
diffracted  wave  is  comparable  in  height  to 
the  incident  wave  (as  is  the  case  on  transom 
sterns  in  short  stern  waves) ,  the  relative 
motion  may  be  computed  inaccurately. 
Secondly,  the  heave  and  pitch  motions 
themselves  may  be  computed  inaccurately  due 
to  the  diffraction  force  errors. 

In  spite  of  the  above  limitations  the  vertical  motions  can 
be  predicted  very  well  on  typical  ships,  as  is  demonstrated 
in  [ 17 ]  . 


Linear  Singularity  Distribution  Methods 

The  next  category  of  the  linear  theories  is  based  on  the 
three  dimensional  distribution  of  the  singularities  on  the 
underbody,  (5]  and  [14).  The  equations  of  motion  still 
have  the  form  identical  to  (1)  but  the  hydrodynamic  terms 


and  bi  j  are  now  computed  directly  for  the  entire  body 
through  a  distribution  of  singularites  on  the  body  surface. 
This  approach  removes  the  restriction  of  the  body  shape,  it 
can  theoretically  be  used  on  any  shape.  It  has  been 
demonstrated  to  be  succesful  on  semi-submersibles ,  discs, 
spar  buoys,  square  barges  and  many  others. The  main 
disadvantage  of  this  approach  is  that  it  requires 
relatively  long  computations.  For  example,  with  the  strip 
theory  program  HANSEL,  a  typical  ship  can  be  divided  into 
20  segments  with  8  singularities  per  segment  thus  requiring 
20  solutions  of  the  8x8  systems  of  the  simultaneous 
equations  for  their  source  strength  per  frequency.  In  the 
present  case,  to  yield  the  same  frequency  range  it  would  be 
necessary  to  solve  20x8=160  equations  for  160  unknowns  per 
frequency.  In  general,  this  approach  is  said  to  be  one 
order  of  magnitude  more  involved  computationally. 

Another  practical  argument  against  this  theory  is  that 
there  are  no  computer  programs  of  this  type  available  in 
the  public  domain,  to  the  author's  knowledge.  The  programs 
which  are  proprietary  are  not  yet  in  a  form  sufficiently 
finished  to  allow  their  routine  use.  In  contrast,  the 
strip-theory  programs  are  used  routinely  in  the  profession. 


Some  nonlinear  effects  can  be  quite  important  in  high 
waves.  They  are  variations  of  waterplane  area  and  shape 
with  the  motions  and  instantaneous  water  elevation,  and 
viscous  damping  which  is  known  to  be  quadratic  or  cubic  in 
velocities.  The  equations  of  motion  which  incorporate  these 
effects  can  be  solved  in  some  limited  cases  in  the 
frequency  domain  e.g.,  [13,16,20],  but  by  far  the  more 

general  method  of  solution  is  based  on  the  time  domain 
integration  of  the  equations,  i.e.,  simulations,  as 
discussed  in  [3,11  and  18]  .  Almost  any  nonlinearity  can  be 
treated  with  relative  ease  in  the  simulations  and  some 
theories  go  into  remarkable  detail  of  computing  the 
nonlinear  terms.  For  example,  the  computer  program  CAPSIZE 
developed  by  Paulling  et  al,  [3],  computes  the  hydrostatic 
and  Froude-Krilov  terms  almost  exactly  for  the 
instantaneous  relative  position  of  a  three-dimensional 
irregular  wave  and  the  vessel.  The  hydrodynamic  terms  are 
often  computed  with  the  strip  theory  assumptions,  e.g., 
[3].  The  simulations  typically  require  fairly  expensive 
computations,  although  they  can  yield  excellent  results. 

A  disadvantage  of  this  method,  other  than  the  cost,  is  that 
it  may  be  insufficiently  accurate  in  the  simulations  in 
irregular  waves  since  it  does  not  include  the  frequency 
variations  of  the  added  mass  and  wave  damping.  Although 
there  are  theoretical  procedures  for  incorporating  these 
variations  in  the  time  domain,  there  is  no  motion 


prediction  program  which  would  include  them,  to  the 
author's  knowledge.  These  two  quantities  are  treated  as 
being  constant  for  all  frequencies,  equal  to  their 
asymptotic  high  frequency  values.  The  variations  with 
frequency  are  not  important  in  long  waves  since  the 
motions  are  then  governed  primarily  by  the  hydrostatic 
effects.  Therefore  the  theory  yields  excellent  results  for 
roll  and  capsizing  predictions  for  slender  ships  in 
following  waves,  when  the  frequency  of  encounter  is  very 
small.  Unfortunately,  in  shorter  waves  the  predictions  are 
less  accurate  and  the  jonboat  swamping  problem  falls  into 
this  category.  The  need  for  direct  simulations  in 
irregular  waves  stems  from  the  fact  that  if  the  motions  are 
nonlinear  in  the  wave  height,  the  concept  of  the  response 
amplitude  operator  ceases  to  be  valid.  The  nonlinear 
responses  may  be  non-harmonic  and  also  there  can  be  an 
infinite  family  of  the  RAO  curves  (instead  of  just  one 
curve)  depending  on  the  wave  height.  Therefore  one  cannot 
simply  multiply  the  RAO's  obtained  from  the  nonlinear 
simulations  by  the  wave  spectrum  to  obtain  the  motion 
spectrum.  Instead  the  latter  must  be  computed  directly 
from  the  simulated  irregular-motion  records. 
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3.2 


IQ  the 


RELATIONSHIP  Q£  BOAT  CHARACTERISTICS 
Q£  MOTION  THEORIES 


All  recreational  boats  studied  here,  jonboats,  dinghies, 
runabouts,  skiffs  and  dories,  have  a  small  length  to  beam 
ratio  even  when  floating  at  even  keel,  typically  between  2 
and  5  .  Since  the  draft  is  very  small  and  the  bottom  is 
flat,  when  the  boats  are  loaded  at  either  end,  the 
underbody  length  to  bean)  ratio  decreases  to  typically 
between  1  and  4.  This  range  is  supposed  to  be  well  outside 
the  range  of  applicability  of  strip  theory. 

The  low  draft  on  all  boats,  together  with  a  large  trim  may 
cause  the  boats  to  have  a  large  and  low  overhang.  Therefore 
when  the  boat  heaves  and  pitches, in  waves,  the  waterplane 
area  and  its  moment  about  the  boat  center  of  gravity  may 
vary  strongly.  This  violates  the  assumption  of  the  linear 
theories  that  the  hydrostatic  forces  are  proportional  to 
the  motions. 

Also,  the  hydrodynamic  terms  which  are  computed  based  on 
the  constant  shape  underbody  are  no  longer  quite  valid 
since  the  underbody  shape  changes  strongly  even  at  small 
boat  motions.  This  deficiency  applies  to  all  theories. 

Most  of  the  boats  have  flat,  almost  vertical  transoms  of 
full  beam.  Jonboats  and  dingies  have  transoms  at  both  stern 
and  bow.  Runabouts  and  skiffs  have  it  only  at  the  stern. 
Therefore  the  wave  diffraction  may  be  quite  strong  in 
longitudinal  waves  and  this  is  not  taken  accurately  into 
the  account  by  the  strip  theories. 

The  motions  of  the  boat  transom  edge  relative  to  the  water 
level,  (i.e.,  the  relative  transom  motion)  are  of 
particular  importance  in  the  swamping  problem.  The  RAO  of 
this  motion  is  a  sum  of  the  heave  and  pitch  motions  and 
the  water  elevation  at  the  transom.  Taking  into 
consideration  the  in  phase  and  out  of  phase  components,  the 
motion  RAO,  r  ,  can  be  written  as  follows. 


I r  I — { f  I  x3 1  cose  3  +  xixsicosts  -coskxJ^/2  +  (Ix3|sim3  +  x|x5|sin«5  -sinkx]2}V2 

(2) 

wherelx^l  and  | X5 I  are  the  heave  and  pitch  RAO's,£3and 
e5  their  phases,  3c  is  the  distance  from  the  center  of 
gravity  to  the  transom,  and  k  is  the  wave  number.  The  terms 
coskx  and  sinkx  represent  the  in-phase  and  out-of-phase 
contribution  of  the  incident  wave  elevation  under  the 
transom.  In  many  ship  applications,  the  diffracted  wave 
height  is  small  relative  to  the  incident  wave  height, 
therefore  the  terms  coskx  and  sinkx  can  be  taken  to 
represent  approximately  the  total  wave.  In  the  case  of  4 


large-transom  boats,  the  reflected  wave  can  be  comparable 
in  height  to  the  incident  wave.  Then  the  total  wave  at  the 
transom  will  be  different  than  the  incident  wave  and  the 

prediction  based  on  equation  (2)  will  be  inaccurate. 

Difficulty  of  a  more  simple  but  nevertheless  important 
nature  occurs  with  runabouts.  These  boats  typically  have 
tri-hull  shapes,  or  bi-hull  with  a  tunnel.  Such  shapes 
cannot  be  treated  directly  by  the  algorithm  of  the  popular 
strip-theory  computer  programs  (HANSEL  or  SCORES).  In  order 
to  use  the  programs,  it  is  necessary  to  "cheat"  by  making 
the  offset  heights  monotonically  increasing. 


It  is  evident  from  the  above  discussion  that  there  is  no 
theory  which  could  be  directly  applicable  to  the 
recreational  boat  problem.  The  linear  strip  theory  appears 
to  be  the  least  suitable  for  this  purpose.  However  this  is 
the  only  theory  which  can  be  used  routinely,  easily  and 
inexpensively.  For  these  reasons,  and  because  the  other 
two  theories  are  not  completely  suitable  to  the  boat 
problem  either,  the  present  work  concentrates  on 
establishing  the  accuracy  and  the  range  of  applicability  of 
the  linear  strip  theory  for  the  boat  motion  problem.  To  the 
author's  knowledge  this  question  has  been  only  marginally 
adressed  in  the  context  of  experimental  work,  [1,6, and  18]. 


3.3 


MADE  IQ  HANSEL 


Two  changes  were  made  in  the  code  of  the  strip-theory 
program  HANSEL/  ( 9 ] .  The  first  was  to  include  thtf 
prediction  of  the  relative  transom  motion  as  described  by 
equation  (2)  above. 

The  second  change  involved  the  subroutine  SIKPUN  which 
performs  the  Simpson  integration  of  the  offsets.  The 
original  version  is  suitable  only  for  the  sectional  shapes 
without  breakpoints.  When  breakpoints  are  present, 
parabolas  are  fitted  across  them  instead  of  straight  lines 
and  this  may  result  in  totally  incorrect  integration.  The 
dory,  skiff,  jonboat  and  dinghy  boats  have  a  breakpoint  on 
most  of  the  stations  at  the  hard  chines.  The  runabouts  have 
several  breakpoints  on  each  station.  In  all  cases  the 
offsets  are  connected  by  streight  lines.  Therefore  the 
Simpson  integration  was  replaced  by  the  trapezoidal 
integration . 

The  hull  offsets  input  to  the  program  HANSEL  must  describe 
the  body  up  to  the  mean  water  level  only.  Therefore  a 
different  set  of  offsets  must  be  prepared  for  each 
different  loading  condition.  Since  the  offset  geometry  is 
very  restrictive  in  the  program,  this  would  make  a  tedious 
task.  To  avoid  it  and  to  assure  accuracy,  a  satellite 
program  has  been  written  which  accepts  the  hull  offsets  in 
arbitrary  form,  as  well  as  the  boat  displacement  and  center 
of  gravity  location,  then  it  computes  the  equilibrium  draft 
and  trim  by  iterations,  and  finds  the  offsets  of  the 
underbody  in  the  HANSEL  format,  using  3-D  interpolation. 


BETWEEN  THEORY  ME 


The  results  are  organized  into  sets  of  figures  numbered  33 
through  50,  each  set  labeled  with  up  to  six  letters  (a 
through  f).  The  different  numbers  correspond  to  different 
boat  and  boat  loading  combinations.  The  letters  correspond 
to  the  different  responses.  Exceptions  are  the  figures 
labeled  with  letter  "a"  which  presents  a  sketch  of  the  boat 
offsets  as  "seen"  by  the  program  HANSEL,  i.e.,  the  offsets 
defined  up  to  the  load  waterline  only,  and  distributed  as 
required  by  the  input  algorithm.  The  letters  b  through  f 
label  the  following  motions: 

b)  Heave  RAO  (all  cases) 

c)  Pitch  RAO  (all  cases) 

d)  Transom  Relative  Motion  RAO  (all  cases) 

e)  Heave  Phase  (tests  100-1350  only) 

f)  Pitch  Phase  (tests, .100-1350  only) 

All  experimental  results  shown  in  this  section  were 
obtained  at  the  wave  height  of  1.5  inches  full  scale.  The 
experimental  points  are  shown  by  triangles,  the  theoretical 
predictions  by  dashed  lines.  Also  shown  are  the  least- 
square  fit  curves  through  the  experimental  points.  These 
will  be  used  later  in  statistical  analysis  of  the  motions. 

The  dashed-dotted  lines  shown  in  a  sample  of  the  figures 
illustrating  the  transom  motion  show  the  theoretical  motion 
envelope  without  diffraction.  This  is  the  transom  motion 
that  would  occur  if  all  three,  heave,  pitch  and  the 
incident  wave  trough  at  the  transom  occured  in-phase.  The 
envelope  is  computed  from  eqn.(2)  by  taking  the  phase 
angles  of  the  heave,  pitch  and  the  wave  at  transom  equal  to 
zero.  In  the  absence  of  the  diffracted  wave  at  the  transom, 
the  envelope  would  be  larger  than  all  measured  RAO  points. 
It  will  be  shown  that  this  is  not  the  case,  and  the 
difference  will  sefve  as  an  indication  of  the  intensity  of 
diffraction  phenomenon. 

The  results  are  discussed  individually  for  each  boat  and 
loading  combination.  Note  that  the  headings  include  the 
effective  length  to  beam  ratio  (ratio  of  wetted  length  to 
wetted  beam) . 


13 .5-f  t.  Jonboatj  1  Man  Aft ,  Stern  Waves.  L/g =2 
(Figures  33  abcdef) 

The  experimental  and  theoretical  heave  and  pitch  RAO's 
compare  quite  well.  There  are  still  differences  in  the  RAO 
results  in  the  long  waves,  but  the  overall  shape  and  areas 
of  the  curves  are  similiar. 

The  phase  angles  compare  well  in  the  medium  and  long  waves, 
and  poorly  in  short  v/aves.  This  is  caused  by  the  strong 
diffraction  phenomena  near  the  transom.  The  phases 
oscillate  so  strongly  in  the  short  waves  that  in  some  cases 
it  was  difficult  to  draw  the  phase  curve;  it  could  go  in 
either  direction  on  the  phase  plane.  Therefore  the  phase 
results  should  be  treated  with  caution  in  the  short  wave 
length.  The  transom  RAO  is  predicted  quite  veil  by  the 
theory  except  in  the  short  waves.  The  intensity  of  the 
diffraction  in  the  short  wave  region  can  be  best  observed 
from  the  motion  envelope  curve;  it  lies  below  the  measured 
motions. 

The  effective  length  to  beam  ratio  (based  on  the  underbody 
length  and  beam)  was  in  this  case  2.92  and  this  value  is 
theoretically  well  outside  the  intended  range  of  the  strip 
theory.  In  this  context,  the  theoretical  predictions  are 
remarkably  good. 


13..5.r£JL>  Jonboat,  2  Ll£n  Aft,  Stern  tlaves.,  LlS>=2^Al 
(Figures  34  abcdef) 

The  boat  is  now  trimmed  heavily  by  the  stern.  The  bottom 
overhang  is  steeper  than  before,  therefore  the  v/aterplane 
variations  should  be  smaller,  causing  less  error  in  the 
hydrostatic  terms  in  the  equations  of  motion.  On  the  other 
hand,  the  transom  is  immersed  deeper,  with  larger  projected 
area,  thus  it  presents  a  larger  obstruction  to  the  waves. 
The  theoretical  and  experimental  heave  and  pitch  motion 
curves  still  agree  in  the  general  shape.  At  resonance  the 
comparison  is  poorer  than  in  the  first  test  series,  as 
expected,  due  to  the  stronger  diffraction. 

The  transom  RAO's  compare  worse,  especially  in  shorter 
waves.  However,  even  in  this  case  the  location  of  the 
response  peak  on  the  frequency  axis  is  predicted  properly. 


13,.5r£f..Jjanbgat-.  1  Lian  Afi  apf  1  LlMsIup.,  Sfexii  Yls&ss*  L/£=3..g 
(Figures  35  abcdef) 

In  this  case  the  boat  has  a  low  trim,  long  waterline  and 
the  transom  is  relatively  little  immersed.  The  effective 
length/beam  ratio  is  increased  to  3.9.  Since  this  case  is 
the  closest  to  a  slender  ship,  it  should  yield  the  best 
theoretical  predictions.  The  results  confirm  the 
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expectation.  Except  in  very  short  waves,  the  agreement  i 


(Figures  36  abcaef) 

This  loading  condition  is  the  least  suitable  for  the  strip 
theory.  It  causes  the  wide  bottom  in  the  aft  portion  of  the 
boat  to  make  a  very  long  and  wide  overhang  at  small  trim 
angle.  Thus  even  small  motions  may  result  in  strong 
changes  in  the  waterplane  area.  Also,  the  bow  transom  is 
now  deeply  immersed  resulting  in  a  large  obstruction  to  the 
waves . 


The  heave  RAO  is  still  predicted  fairly  well.  The 
theoretical  pitch  RAO  is  rather  strongly  underestimated  at 
resonance.  Except  in  the  short  waves,  the  phases  are 
predicted  well.  The  transom  motion  is  rather  poorly 
predicted . 


Binghyx  1  Li&n  Af-tx  S.t£.r.n  Ua.Yg.Sx 

(Figures  37  abcdef) 

This  boat  as  loaded  has  the  underbody  shape  which  violates 
the  theoretical  assumptions  the  most.  The  effective 
length/beam  ratio  is  now  only  1.5.  The  boat  has  an 
exceptionally  wide  and  flat  transom  which  has  the  largest 
width  of  any  boat  section.  This  presents  a  very  large 
obstruction  to  the  waves.  The  boat  also  has  a  large  over¬ 
hang.  The  boat  motions  turned  out  to  be  relatively  large  in 
this  series.  This  caused  large  periodic  immersion  of  the 
overhang,  and  thus  relatively  large  nonlinearity  in  the 
hydrostatic  terms. 

These  deficiencies  are  reflected  in  the  results.  The 
general  trend  of  the  shape  of  the  theoretical  curves  is 
still  predicted  well,  but  the  magnitudes  are  not.  The 
theoretical  RAO's  are  lower  by  a  factor  of  1.5  to  3  at 
resonances.  The  phases  however  compare  well,  except,  as 
usual,  in  the  short-wave  range. 

These  results  indicate  that  the  length/beam  ratio  of  1.5 
lies  outside  the  range  of  applicability  of  the  linear  strip 
theory.  To  verify  that  it  is  the  strip  theory  that  causes 
large  errors  rather  than  the  nonlinearities,  a  few  sample 
calculations  were  performed  by  Paulling  using  his  linear 
theory  based  on  the  3-D  source  distribution,  (computer 
program  HYDRO 3 ,  [14]).  These  results  are  shown  in  Figures 
37  bcdef  by  squares  with  interconnecting  lines.  The 
agreement  between  this  new  theory  and  the  experiments 
appears  to  be  outstanding  for  all  three  motions.  This  would 
support  the  above  conjecture.  However,  the  results  of  the 
following  test  throw  a  different  light  on  it. 


8-ft.  Dinghy#  1  flan  Aft,  stern  Waves.  L/B=l«48 
(Figures  38  abed) 


These  results  were  performed  in  the  secon 
with  the  MST  instrumentation  described  in 
boat  loading  condition  was  intended  to  be 
the  last  case,  however  small  differences  in 
inertia  were  noted,  of  approx irrately  2  to 
small  enough  differences  to  expect  that 
motions  would  be  similiar  to  the  last  case. 


d  test  series. 
Chapter  2.  The 
the  same  as  in 
the  weight  and 
10%.  These  are 
the  measured 


The  RAO  curves  of  transom  motion,  and  to  a  slightly  lesser 
degree  pitch  motion  are  indeed  similiar.  Heave  RAO  differs 
rather  drastically.  This  could  indicate  that  the  heave  RAO 
is  extremely  sensitive  to  the  loading  conditions,  hov/ever, 
it  is  rather  unlikely.  The  only  other  explanation  is  that 
the  instrumentation  did  not  work  properly  in  one  of  the  two 
tests . 

In  the  first  test  series,  agreement  between  the  measured 
heave  and  HANSEL  predictions  was  poor,  and  between  the 
measured  heave  and  the  3-D  prediction  good.  In  the  present 
test,  agreement  between  the  measured  heave  and  HANSEL  is 
excellent.  Both  HANSEL  predictions  are  almost  identical, 
thus  indicating  low  sensitivity  to  the  loading  condition. 
Therefore  it  can  be  expected  that  the  3-D  predictions  would 
also  be  similiar  in  both  cases  (the  3-D  model  was  used  only 
in  the  first  test). 

If  the  fault  of  the  instruments  occured  in  the  first  test 
series,  the  apparent  agreement  between  the  3-D  theory  and 
the  measurements  would  have  to  be  declared  coincidental, 
and  the  HANSEL  predictions  would  then  be  succesful.  If  the 
instrument  fault  occured  in  the  present  test,  it  should 
also  affect  other  motions  (pitch  and  transom)  and  this  was 
not  the  case.  Therefore  it  is  strongly  suspected  that  the 
present  test  is  more  reliable  and  that  the  apparent  success 
of  the  3-D  model  was  coincidental,  (This  is  not  to  say 
that,  on  the  average,  the  3-D  model  would  not  be  better 
than  the  strip  theory.) 

Regarding  the  comparison  between  HANSEL  and  the 
measurements,  it  can  be  noticed  that  the  heave  curves  agree 
ver*’  well  and  the  pitch  and  transom  motions  are  underpredi¬ 
cted.  This  indicates  that  the  proportions  of  the  8  ft.  boat 
exceed  the  limits  of  HANSEL  applicability. 


8-ft.  Dinghy.  £y£Q  Keel,  Head  Waves,,  l/b=i.87 
(Figures  39  abed) 

The  agreement  between  the  measured  and  predicted  heave 
RAO's  is  still  fair.  Both  curves  follow  the  same  shape,  the 
theory  slightly  overestimating  the  motion. 


Agreement  m  the  pitch  case  is  worse,  but  the  same  pattern 
is  still  evident.  The  worst  agreement  occured  in  the 
transom  motion  case.  The  two  curves  differ  not  only 
quantitatively  but  also  qualitatively.  This  indicates  that 
the  limits  of  the  strip-theory  have  been  exceeded. 


14-ft.Jonboat,  2  Han  Alt  and  1 
(Figures  40  abed) 


Si£in 


LZ£i 


The  theoretical  motion  predictions  are  excellent, 
approaching  the  quality  normally  expected  in  ship 
applications.  The  transom  RAO  prediction  is  especially 
good . 


14- ft.  Jonboat,  2  lien.  Forv. 
L/B=3.6,  (Figures  41  abed) 


and.  1 


Head  viewesj. 


In  this  case,  the  stern  transom  is  slightly  emerged  and  the 
boat  bottom  at  the  stern  makes  a  small  angle  with  the  water 
level.  The  bow  exposes  a  wide  and  strongly  tilted  'wall'  to 
the  waves. 

The  theoretical  predictions  are  very  poor  for  the  transom 
RAO  and  good  for  the  heave  and  pitch.  This  is  consistent 
with  the  previous  results  of  boats  in  head  waves. 
Apparently  the  diffraction  phenomena  at  the  bow  in  head 
waves  are  very  strong  and  this  is  not  covered  adequately  in 
the  strip  theory. 


Runabout.,  1  Mon  Alb  and  2 
(Figures  42  abed) 


Stem  Waves. 


The  boat  has  a  large  transom  quite  exposed  to  the  waves, 
and  long  overhang.  Also,  it  has  rather  complex  tri-hull 
shape  which  is  not  taken  properly  into  the  account  in  the 
HANSEL  offsets. 

The  results  reflect  these  deficiencies.  Though  the  pitch  is 
predicted  well,  heave  is  marginal  and  the  transom  motion  is 
very  poor.  It  should  be  pointed  out  that  a  runup  was 
observed  on  the  transom  during  most  tests.  This  could 
explain  the  grossly  incorrect  prediction  too. 


Runabout,  1  Hen.  LLLj.  stern  waves,  L/B=2.46, 

(Figures  43  abed) 

As  in  the  last  case,  pitch  prediction  is  fair  and  heave  and 
transom  motion  ones  poor,  probably  for  the  same  reasons  as 
before. 


Runabout/  2  Hen  F.pi.Mard  ana  2  Amidships.!  Head  liaves-t 
L/B=1.53,  (Figures  44  abed) 

The  boat  has  a  rather  low-buoyancy  bow,  and  when  2  persons 
were  placed  on  the  bow  deck,  the  bow  iir.mersed  quite 
strongly.  This  caused  the  boat  underbody  to  have  quite  an 
unusual  shape,  aparently  not  "appreciated"  by  the  strip 
theory.  The  heave  and  pitch  predictions  are  both  good,  but 
the  transom  notion  is  very  poor  again,  indicating  that 
strong  diffraction  must  have  taken  place  at  the  bow. 


Skiff.  2  Lion  Alt.  and  1  Amidships.  Stern  fcteynSx  L/2.=2^2.2. 
(Figures  45  abed) 

This  is  the  test  series  which  v/as  demonstrated  to  be  quite 
nonlinear  in  wave  height  (see  Figures  27).  Therefore  it  is 
not  surprising  that  the  theoretical  linear  predictions  are 
poor . 


Skif.fi  1  tlnn  Alt  and  1  Amidships,  stern  Yiax&Sj.  L/C=2....6 3 
(Figures  46  abed) 

Again,  the  heave  and  pitch  predictions  are  fair  to  good  but 
the  transom  motion  prediction  is  very  poor,  thus  indicating 
strong  diffraction. 


Skiff i.  2  Mon  Forward  and  1  Amidships,!  linnd  havns.,  L/B=2.75 

(Figures  47  abed) 

Once  again,  the  heave  and  pitch  are  fair  to  poor  and  the 
bow  motion  prediction  is  poor.  However,  the  latter  motion 
prediction  is  better  in  this  head  wave  case  than  in  the 
stern  waves  discussed  above.  This  may  be  due  to  the  fact 
that  the  skiff  bow  is  pointed,  thus  causing  less 
obstruction  to  the  waves  than  a  flat  transom  of  the  other 
boats . 


DOLtyjL  1  Hail  Ait  and  i  Amidsbips-L.  Stsxa  ilayjesa, 

(Figures  48  abed) 

As  mentioned  before,  this  boat  has  long  and  narrow 
overhangs,  rapidly  flaring  sides,  and  it  is  almost  double- 
ended  . 

The  heave  and  pitch  responses  are  fair  and  good, 
respectively,  and  the  transom  motion  prediction  is  very 
poor.  It  is  interesting  to  notice  that,  contrary  to  almost 
all  previous  cases,  the  prediction  is  now  better  in  short 
waves  than  in  the  long  ones.  This  indicates  that  the 
diffraction  is  relatively  weak,  as  might  be  expected  since 
the  boat  is  quite  slender  with  pointed  ends.  It  also 
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indicates  that  the  shape  nonlinearity  must  have  been  strong 
in  the  long  waves. 


Dory#  1  Han  Aft#  Stern  waves.  l/b=3.69. 

(Figures  49  abed) 

The  results  are  basically  the  same  qualitatively  as  in  the 
last  case. 


Dory i  1  Han  Forward#  Head  waves,  l/b=3.53. 

(Figures  50  abed) 

This  last  case  exhibits  interesting  but  disappointing 
results.  The  heave  and  pitch  predictions  are  very  poor,  but 
the  transom  motion  prediction  is  surprisingly  good,  except 
in  the  long  waves. 

Table  5  presents  a  quick  summary  of  the  present  results.  It 
lists  for  each  boat  and  loading  case  the  effective 
length/beam  ratio,  and  a  strictly  judgemental  grade 
description  (4=very  good,  3=good,  2=fair,  l=poor  and  0=very 
poor)  of  each  prediction. 
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Table  5.  Summary  of  the  HANSEL  Predictions 


TEST 

SERIES 


1 
3 
5 
700 
11 
13 
15 
17 

19 

20 
21 
2200 
2300 
2400 
2500 
2600 
2700 
2800 


13.5’ JON 
13. 5' JON 
13.5' JON 
13.5' JON 
8 'DINGHY 
8 'DINGHY 
8 'DINGHY 
14'  JON 
14'  JON 
RUNAE . 
RUNAB . 
RUNAB . 
SKIFF 
SKIFF 
SKIFF 
DORY 
DORY 
DORY 


WAVE 

DIR. 

:rom) 

LOAD 

L/B 

STERN 

1A 

2.92 

STERN 

2A 

2.47 

STERN 

1A/1M 

3.90 

HEAD 

2F 

3.09 

STERN 

1A 

1.50 

STERN 

1A 

1.48 

HEAD 

LEVEL 

1.87 

STERN 

2A/1M 

2.69 

HEAD 

2F/1M 

3.02 

STERN 

3A/2M 

2.56 

STERN 

3A 

2.46 

HEAD 

2A/2M 

2.82 

STERN 

2A/1M 

2.39 

STERN 

1A/1M 

2.63 

HEAD 

2F/1M 

2.75 

STERN 

1A/1M 

4.08 

STERN 

1A 

3.69 

HEAD 

IF 

3.53 

HEAVE  PITCH  TRANSOM 
RAO  RAO  RAO 


where; 

1A,2A, . . .=one,  two  men  sitting  on  aft  thwart 
1M , 2M , . . . =one ,  two  men  sitting  on  midship  thwart 
1F,2F, . . ,=one,  two  men  sitting  on  forward  thwart. 
L/B  =effective  length  to  beam  ratio 


It  is  obvious  from  this  table  that  the  motion  predictions, 
especially  those  of  the  transom  RAO,  are  poor  on  the 
average,  and  that  in  the  range  of  the  length  to  beam  ratios 
analyzed,  no  trend  can  be  seen  of  improving  the  prediction 
quality  with  the  ratio  value. 


3.5  PRACTICALITY  Q£  DERIVING  THEORETICAL  CORRECTION  FACTORS 

It  was  hoped  at  the  beginning  of  this  study  that  the 
differences,  if  any,  between  the  measured  and  theoretical 
RAO  curves  would  exhibit  some  evident  trends  which  could 
possibly  be  corrected  by  empirically-derived  "fudge 
factors",  or  safety  factors.  For  example,  a  proportional  or 
constant  shift  in  the  frequency  and/or  value  of  the  curve 
peak  could  be  adjusted  by  applying  correction  factors  to 
the  added  mass  and/or  damping  coefficients. 

The  experimental  results  indicated  that  the  peaks  are  very 
flat  since  the  system  is  strongly  damped,  therefore 
adjustments  to  the  resonance  frequency  would  be  rather 
difficult  to  make.  Also,  there  is  no  evident  trend  of  the 
errors;  they  are  quite  random.  These  reasons  make  the  idea 
of  deriving  corrections  impractical. 


Also  considered  was  a  simple  multiplication  of  the  RAO 
curves  by  constants.  This  would  be  possible  if  the 
theoretical  curves  displayed  some  consistent  pattern  e.g., 
underprediction  by  a  constant  factor.  Since  no  such  trend 
can  be  observed,  the  correction  is  not  possible.  In  the 
pitch  case,  underestimation  occured  more  frequently  than 
overestimation,  but  with  too  little  consistency  to  suggest 
using  some  particular  correction  factors.  Sargent,  [18], 
tried  to  decrease  the  pitch  damping  coefficients  by  30%  in 
a  similiar  application.  The  "corrected"  results  were  not 
much  better,  and  they  were  certainly  much  less  justifiable 
theoretically. 


4.0  PREDICTION  QZ  SWAMPING 


Q£  IMS 


Before  proceeding  further  with  the  project  it  was  necessary 
to  gain  some  understanding  of  the  magnitude  of  the  swamping 
probability  under  realistic  conditions.  For  this  reason,  it 
was  decided  to  perform  a  quick  study  of  swamping  tendencies 
of  the  boats  in  a  sample  of  "typical"  wave  conditions.  A 
quick  survey  of  literature  revealed  that  wave  data  is  very 
scarce  for  regions  where  small  recreational  boats  are 
active.  Two  wave  spectra  sources  were  found,  [2]  and  [15], 
both  apparently  applicable  to  waters  with  small  boat 
activity,  but,  as  it  will  be  shown  shortly,  both 
representing  rather  severe  wave  conditions  for  small  boats. 
An  additional  deficiency  with  the  spectra  of  [2]  is  that 
they  are  very  irregular,  thus  indicating  poor  spectral 
measurements. 

Seven  wave  spectra  were  used.  They  are  described  in  Table  6 
(listed  in  the  order  of  increasing  wave  height)  .  The 
spectra  are  also  reproduced  (from  originals)  in  Appendix  4. 
The  first  two  spectra  came  from  [15]  and  the  rest  from  [2] . 


Table  6.  Wave  Spectra 


No .  Location  Date 


Time  HS  TA  Wind  Depth  Condition  Boats 

ft.  sec.  mph  ft.  of  waves  present? 


S.F.Bay  09-23-71  1415  0.63  2.10  ? 

S.F.Bay  09-21-74  1616  0.96  2.86  ? 

Lk .Erie  08-24-74  ?  0.97  2.25  10-15 

Ches .Bay  10-22-74  1030  1.63  2.12  13 

Miami  10-03-74  1045  1.87  2.23  10-15 

Gulf .Mex  10-22-74  ?  3.21  4.31  7-10 

Gulf .Mex  10-22-74  ?  5.67  4.91  3-  5 


rough 
rough 
v. rough 
v.  rough 
rough 


The  columns  xn  the  table  denote: 

Date  =  month-day-year 

Time  *  time  on  24-hour  clock 

HS  *  significant  wave  height  (nominal  in  the  case  of 

spectra  1,2) 

TA  *  average  apparent  period 

The  remaining  columns  should  be  self-explanatory. 

The  last  two  columns  of  the  above  table  should  be 
understood  as  being  applicable  to  small  recreational  boats 


The  analysis  is  concerned  with  several  aspects  of  the 
problem,  as  follows. 

e  Prediction  of  the  expected  number  of  swampings  per 
hour  of  the  boats  tested  in  various  load  and  wave 
conditions  based  on  the  measured  and  theoretically- 
predicted  RAO's  of  the  relative  transom  motion. 

e  Prediction  of  the  increase  of  the  freeboard  at  the 
low  boat  end  necessary  to  reduce  the  probability  of 
swampings  below  a  certain  level,  again  based  on  the 
two  sets  of  the  RAO's. 

e  Determination  whether  or  not  the  freeboard  increase 
required  for  a  reasonable  level  of  safety  is 
practical. 

•  Determination  whether  the  theoretical  predictions  are 
of  sufficient  accuracy. 

It  is  important  to  point  out  that  the  present  analysis  is  a 
short  study  intended  to  help  in  understanding  the  magnitude 
of  the  physical  processes  involved  and  in  making  decisions 
about  the  further  work  on  this  project,  rather  than  to  be  a 
complete  task  sufficient  for  writing  a  safeloading 
regulation. 


4.1  PROCEDURE 


The  measurements  of  the  RAO's  of  relative  transom  motion 
helped  to  establish  that  the  motion  is  reasonably  linear  in 
wave  height.  Therefore  the  classical  linear  theory  of  deck 
wetness  and  ship  slamming,  (presented,  for  example,  in 
116]),  can  be  used  in  this  analysis.  Its  major  steps  are 
now  discussed  briefly. 

The  range  of  the  wave  length  to  boat  length  ratios 
("VLOA")  of  the  RAO  curves  was  approximately  [0.4,2.C]  in 
the  experiments  and  [0.1,  3.0]  in  the  theoretical 
calculations.  The  "experimental"  range  is  shorter  due  to 
testing  facility  limitations;  the  lower  bound  being  limited 
by  the  drive  mechanism  of  the  wavemaker  and  the  upper 
bound  by  the  depth  of  the  tank  (longer  waves  would  be  of 
the  shallow-water  type  and  thus  undesirable)  .  These  values 
translate  into  the  values  of  frequency  in  Hz  as  given  in 
Table  7. 


Table  7.  Range  of  Frequencies  of  RAO's 


BOAT 

_ FREQUENCY  RANGE  IN  HZ _ 

LOWER  (VL=3) 

UPPER  (a/L=.l) 

LOWER  (VL=2) 

UPPER  (2/L=  .4) 

8'  DINGHY 

0.46 

2.53 

0.56 

1.26 

12,1 'SKIFF 

0.38 

.2.05 

0.46 

1.03 

13,5 ' JONBOAT 

0.36 

1.94 

0.44 

0.S7 

14*  JONBOAT 

0.35 

1.91 

0.43 

0.96 

15. 3' RUNABOUT 

0.33 

1.83 

0.41 

0.91 

15,8*  DORY 

0.33 

1.80 

0.40 

0.90 

where  L  * 

length  overall,  LOA. 

The  range  of  frequencies  in  the  spectra  extends  from  about 
0.05  to  0.8  Hz,  (see  Appendix  4) .  Therefore  it  is 
necessary  to  extrapolate  the  RAO  curves  for  longer  waves. 
First,  the  experimental  RAO's  are  extrapolated  up  to  VLOA 
values  of  3.0,  i.e.,  to  the  bound  of  the  theoretical 
curves,  for  consistency.  The  extrapolation  used  here 
assumes  that  the  theoretical  results  are  correct  at  3 /LOA 
of  3.  This  assumption  is  justified  by  the  asymptotic 
behavior  of  the  relative  transom  motion  RAO  which  should 
approach  zero  in  very  long  waves,  and  by  the  fact  that  the 
linear  motion  theory  does  indeed  give  good  predictions  in 
long  waves  where  the  motions  are  governed  primarely  by 
hydrostatics  with  negligible  diffraction.  Therefore  each 
experimental  RAO  curve  has  been  extended  by  a  straight  line 
to  cross  the  theoretical  curve  at  VLOA  of  3.  The 
exceptions  are  the  cases  where  the  slope  of  the 
extrapolation  would  be  positive.  A  positive  slope  is 
inadmissible  since  the  RAO  must  decay  asymptotically  to 
zero  in  long  waves.  In  such  cases,  the  slope  was  made  to  be 


zero,  i.e.,  the  RAO  at  A /LOA  of  three  was  made  equal  to 
the  last  non-zero  value  of  the  RAO  curve.  The  extrapolation 
beyond A/LOA  of  three  was  taken  to  be  with  zero  values  of 
the  RAO  curves.  This  makes  the  statistics  of  the  motion  to 
be  slightly  underestimated. 

The  experimental  curves  are  obtained  by  curve  fitting  of 
the  experimental  results.  The  fitting  technique  is  based  on 
the  spline  theory,  (8], 

The  last  operation  performed  on  the  P.AO  curves  involved 
converting  them  from  the  A /LOA  domain  to  frequency  domain, 
with  frequency  measured  in  I!z. 

The  above  steps  were  performed  v.  i t h  help  of  a  cor  peter 
program  named  CGRAC,  running  on  the  inhoure  microcomputer. 

A  spectrum  of  the  relative  transom  notion  is  defined,  singly 
as 


;T  (f)  =  Sl7  (f)  !!«,'•  (f) 


(3 


where 


s\j  (f)  *  wave  spectrum 
f  =  frequency  in  Hz 

H-p  (f)  =  response  amplitude  operator 


The  significant  motion,  defined  as  the  average  of  one-third 
highest  motions,  can  be  shown  to  be 


z  1/3  =  4ym0 

where  mQ  is  the  zero-th  order  spectral  moment 


('■ 


m 


.  -  £ 


(f)df 


(5 


It  is  convenient  to  define  now  the  second  spectral  moment 
for  later  use. 


m 


=  £f2  sT 


(f)cf 


(6 


Since  both  the  RAO  curves  and  the  wave  spectra  t-.re 
defined  numerically  by  rather  irregular  curves,  the  above 
integrals  must  be  computed  numerically  with  interpolation 
of  both  curves  (RAO  and  wave  spectrum)  at  all  their 
frequencies. 


The  expected  number  of  swampings  per  hour,  named  ENOS,  is 
computed  after  [16]  as 

ENOS  =  3600  J  —  .  exp(-F2  /2ma)  (7) 

i  mQ 

where  F  is  the  static  freeboard. 

The  steps  described  by  equations  (3)  to  (7)  were  handled 
with  help  of  a  computer  program  named  SPEC,  written  to 
execute  on  a  microcomputer. 


Table  8  presents  the  significant  values  of  the  transont 
motion  for  all  loading  conditions  and  for  all  7  wave 
spectra.  The  table  consists  of  two  parts,  the  first 
illustrating  test  load  conditions  100-1500  and  the  second 
the  remaining  conditions.  The  results  include  those  based 
on  the  experimental  RAO  curve  and  denoted  "EXPER.",  on  the 
theoretical  RAO  curve  and  denoted  "THEORY",  and  the 
relative  error,  denoted  "ERROR"  and  defined  as 

ERROR  %  *  lOoJz^/3  (theory) -zi/3  (experiment) |/zi/3  (experiment) 

The  following  conclusions  are  drawn  from  these  results. 

1)  An  increase  in  significant  wave  height  does  not 
necessarly  increase  the  significant  motion.  The 
different  spectra  not  only  have  different  areas  but 
also  are  distributed  differently  (and  quite  randomly  !) 
on  the  frequency  axis.  The  randomness  of  the  spread 
appears  to  be  much  more  pronounced  than  that  of  the 
fully  developed  waves  in  open  waters.  This  is  not 
surprising  in  view  of  the  fact  that  waves  on  small 
water  basins  are  shaped  not  only  by  predominant  wind 
but  also  by  local  wind  eddies,  refraction,  reflection, 
depth  changes,  boat  activities  and  local  currents.  The 
trancation  of  the  RAO  curve  tails  may  have  contributed 
to  this  non-monotonic  behavior  too. 

Since  it  is  impossible  to  indicate  at  this  time  which 
spectrum  is  "more  typical  than  others",  or  what  is  a 
"typical  critical  spectrum"  further  research  would  be 
needed  to  define  what  kind  of  wave  spectra  are  to  be 
used  in  implementing  the  regulation. 

2)  The  errors  of  the  theoretical  predictions  vary  from  1.2 

to  215.7  %  .  The  error  is  significantly  smaller  on 
jonboats  (maximum  error  of  72.7%,  with  65  %  of  the 
conditions  having  the  error  smaller  than  25  %) ,  and 

larger  on  the  other  boat  types.  This  is  as  expected 
since  the  long  jonboats  approximate  ship  proportions 
(for  which  the  theory  is  intended)  more  than  the  other 
boats. 


Table  8a.  SIGNIFICANT  RELATIVE  TRANSON  NOTION  (FEET) 


SPECTRUM 

1 

2 

3 

4 

5 

6 

7 

HS  (FT.) 

.74 

.96 

.98 

1.69 

1.92 

3.20 

5.69 

TEST 

NO. 

100 

THEORY 

.73 

.52 

.84 

1.70 

1.53 

.48 

.88 

EXPER. 

.91 

.62 

1.10 

2.16 

1.96 

.45 

.91 

ERROR 

20.1 

17.4 

23.2 

21.3 

21.8 

6.3 

4.1 

300 

THEORY 

.80 

.57 

.92 

1.87 

1.68 

.53 

.97 

EXPER. 

.98 

.69 

1.22 

2.52 

2.24 

.46 

.91 

ERROR 

18.7 

17.7 

24.3 

25.8 

24.8 

16.0 

7.1 

500 

THEORY 

.90 

.68 

.96 

1.91 

1,77 

.73 

1.28 

EXPER. 

.79 

.59 

.90 

1.78 

1.67 

.58 

1.02 

ERROR 

14.1 

15.8 

6.2 

7.0 

6.5 

25.5 

25.9 

700 

THEORY 

1.91 

1.64 

1.92 

3.71 

3.75 

2.11 

3.35 

EXPER. 

1.71 

1.35 

1.78 

3.41 

3.36 

1.38 

2.53 

ERROR 

11.3 

21.1 

8.1 

8.8 

11.6 

53.1 

32.4 

1100 

THEORY 

.59 

.38 

.70 

1.39 

1.23 

.29 

.61 

EXPER. 

.96 

.63 

1.27 

2.68 

2.26 

.33 

.72 

ERROR 

39.2 

40.5 

44.7 

48.0 

45.6 

12.7 

14.9 

1300 

THEORY 

.55 

.35 

.66 

1.31 

1.16 

.27 

.57 

EXPER. 

1.03 

.68 

1.31 

2.66 

2.33 

.35 

.82 

ERROR 

46.3 

48.5 

49.3 

50.5 

50.1 

24.1 

30.3 

1500 

THEORY 

.55 

.35 

.64 

1.24 

1.11 

.29 

.61 

EXPER. 

.65 

.43 

.77 

1.59 

1.39 

.31 

.68 

ERROR 

16.2 

19.3 

17,5 

22.3 

20.3 

7.0 

9.8 

1700 

THEORY 

.85 

.65 

,92 

1.83 

1.71 

.69 

1.21 

EXPER. 

.91 

.  66 

1.04 

2.04 

1.89 

.59 

1.10 

ERROR 

6.0 

1.2 

11.8 

9,9 

9.6 

16.3 

9.7 

1900 

THEORY 

1.83 

1,70 

1.88 

3.61 

3.85 

2.15 

3.33 

EXPER. 

1.18 

1.13 

1,34 

2.55 

2.78 

1.25 

1.97 

ERROR 

54.8 

50,7 

40.0 

41.4 

38.3 

72.7 

69.1 

HAVE  SPECTRA  USED  HERE* 

1  >  SAN  FRANCISCO  BAY  (FIG. 4  OF  REF.  15  ) 

2  •  SAN  FRANCISCO  BAY  (FIG. 3  OF  REF.  15  > 

3  -  MARBLEHEAD, OHIO  (FIG.  C-10  OF  REF.  2  > 

4  -  CHESAPEAKE  BAY  (FIG.  E-3  OF  REF.  2  > 

5  •  MIAMI, FLORIDA  (FIG.G-3  OF  REF.  2  > 

4  •  FORT  PICKENS  (FIC.H-10  OF  REF.  2  ) 

7  ■  FORT  PICKENS, FLORIDA  (FIG.K-3  OF  REF.  2 

AAP=Average  Apparent  Period 
,0  HS=Significant  Wave  Height 


AAP*2. 10S. 
AAP»2 . 86  S 
AAP*2.25  S. 
AAP*2. 12  S. 
AAP*2.23  S. 
AAP*4»31  S. 
)  AAP*4 .91  S. 


HS-0.737  FT. 
HS-0,963  FT. 
HS*0«296  H. 
HS*0.498  H. 
HS«0.570  M. 
HS‘0.98  N. 
HS«1.73  H. 


Table  8b.  SIGNIFICANT  RELATIVE  TRANSOM  MOTION  (FEET) 


SPECTRUM 

1 

2 

3 

4 

5 

6 

7 

HS  (FT.) 

.74 

.96 

.98 

1.69 

1.92 

3.20 

5,69 

TEST  NO. 

1000 

THEORY 

1.67 

1.57 

1.73 

3.30 

3.52 

2.03 

3.11 

EXPER. 

.79 

.61 

.89 

1,69 

1.64 

.60 

1.05 

ERROR 

112.2 

159.1 

94.4 

95.4 

114.8 

236.0 

195.7 

1100 

THEORY 

1.67 

1,57 

1.73 

3.30 

3.52 

2.03 

3.11 

EXPER. 

.81 

.59 

.91 

1.69 

1.63 

.55 

1,02 

ERROR 

107.0 

168.2 

90.2 

94.7 

115.6 

268.8 

204.6 

1200 

THEORY 

1.97 

2.07 

2.08 

3.87 

4.45 

2.77 

4.06 

EXPER. 

1.55 

1.30 

1.61 

3.07 

3.12 

1.50 

2.52 

ERROR 

27.6 

58.4 

29.4 

26.2 

42.7 

83.8 

61.4 

1300 

THEORY 

1.40 

1.14 

1.45 

2.87 

2.77 

1.35 

2.24 

EXPER. 

1.35 

.94 

1.53 

3.00 

2.74 

.67 

1.47 

ERROR 

3.8 

21.6 

5.3 

4.3 

1.1 

102.2 

52.1 

1400 

THEORY 

1.47 

1.22 

1.52 

3.02 

2.93 

1.45 

2.39 

EXPER. 

.82 

.57 

1.00 

1.92 

1.78 

.46 

.89 

ERROR 

79.3 

112.5 

52.5 

57.6 

65.1 

215.7 

169.4 

1500 

THEORY 

1.93 

1.64 

1.97 

3,91 

3.86 

1.99 

3.24 

EXPER. 

1.22 

.92 

1.38 

2.76 

2.56 

.82 

1.54 

ERROR 

57.7 

77.7 

42.9 

41,9 

50.6 

142.0 

109.7 

1600 

THEORY 

1.95 

1.96 

2.03 

3.79 

4.25 

2.60 

3.85 

EXPER. 

1.27 

1.03 

1.43 

2.81 

2.70 

1.08 

1.79 

ERROR 

53.7 

90.0 

42.2 

35.0 

57,4 

140.1 

114.9 

1700 

THEORY 

2.06 

1.92 

2.11 

4.01 

4.29 

2.48 

3.80 

EXPER. 

1.65 

1,25 

1.85 

3.70 

3.43 

.97 

1.91 

ERROR 

24.5 

54,1 

14.1 

8.4 

25.2 

156.7 

99.6 

1800 

THEORY 

2.63 

2.25 

2.84 

5.58 

5.51 

2.67 

4.25 

EXPER. 

1.85 

1.43 

2.05 

4.11 

3.83 

1.19 

2.26 

ERROR 

41,7 

57.2 

38.5 

35.9 

43.8 

123.9 

87.6 

WAVE  SPECTRA  USED  WERE: 

*  SAN  FRANCISCO  BAY  (FIG.4  OF  REF.15 

) 

AAP= 

'2.  IS. 

HS=0,737  FT 

«  SAN  FRANCISCO  BAY  (FIG.3  OF  REF.15 

> 

AAP' 

!2.8  S 

HSs0»963  FT 

“  MARBLEHEAD, OHIO  (FIG 

.  C-10  OF  REF. 

2  ) 

AAP=2,25  S. 

HS= 0.296  M. 

«  CHESAPEAKE  BAY  (FIG. 

E-3  OF  REF.  2 

) 

AAPS2,12  S, 

HSs0.498  N. 

»  Mu  M  , FLORIDA 

i  (FIG.G-3  OF  REF.  2  > 

AAP=2,23  S. 

H3=0.570  M. 

*  FORT  PICKENS 

(FIG.H- 

10  OF  REF.  2 

) 

AAP*4,31  S. 

HS*0.98  H. 

>  FORT  PICKENS, FLORIDA 

i  (FIG.H-3  OF  REF, 2 

)  AAPM.91  S. 

HS=1,73  H. 

AAP=Apparent  Average  Period 
HS  “Significant  Wave  Height 


4.3  PREDICTION  Q£  EXEEC1ED  NUMBEB  Q£  SWAMPIflGS  £EE  HOUR 


The  expected  number  of  swampings  per  hour,  denoted  ENOS,  is 
computed  for  the  boats  "as  built",  as  well  as  for 
hypothetical  boats  having  the  freeboards  increased  by  2,  4, 
6  and  8  inches  from  the  original,  respectively. 

The  range  of  the  freeboard  increase  of  [0.,  8.J  inches  is 
considered  to  cover  the  entire  range  of  interest.  If  the 
freeboard  needed  to  be  increased  more  than  8  inches,  it 
would  imply  a  major  and  impractical  redesign  of  the  boats. 

These  results  are  plotted  in  Figures  51  through  57  in  the 
following  manner.  Each  Figure  consists  of  four  pages 
showing  all  18  loading  conditions  in  sequence,  for  one  only 
wave  spectrum.  This  presentation  allows  evaluation  of  ho u 
different  boats  in  different  loading  conditions  fare  in  the 
same  wave  condition.  The  ENOS  values  are  shown  on 
a  logarithmic  scale,  plotted  versus  the  increase  in 
freeboard  (above  the  original  value),  f.  Both  theoretical 
and  experimental  results  are  shown.  The  following  test 
parameters  are  shown  below  the  plot  frames,  for 
convenience: 

freeboard,  as  tested,  feet 

boat 

load  ,  written  in  the  same  shorthand  notation  as  before 


The  following  conclusions  are  drawn  from  these  results. 

1)  The  experimental  results  indicate  that  the  number  of 

swampings  is  indeed  high,  in  many  cases  being  greater 
than  10  per  hour,  with  several  cases  greater  than  1000 
per  hour.  (Since  the  average  wave  periods  are  about  2-4 
seconds,  this  means  that  a  swamping  occurs  in 

practically  every  cycle  1).  This  confirms  the  basic 
premise  of  this  study,  namely  that  the  swamping 
accidents  are  loading  related  and  that  the  boats  are 
unsafe  in  the  wave  conditions  studied. 

2)  Boats  heavily  loaded  at  either  end  experience  larger 
ENOS  than  boats  with  a  more  symmetric  loading,  as 
expected. 
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4.4  REQUIRED  .INCREASE  IE 


It  is  convenient  to  discuss  the  remaining  results  with  a 
different  set  of  plots,  obtained  by  cross-plotting  the 
curves  of  ENOS-versus-f reeboard  increase  at  constant  ENOS 
values.  Two  values  are  selected,  of  EN0S=1  and  0.01.  It 
should  be  remembered  that  loading  conditions  studied  here 
represent  rather  extreme  cases.  For  example,  two  men 
sitting  on  the  aft  thwart  of  a  2-man  boat  might  represent  a 
case  where  both  are  working  on  a  motor  or  are  trying  to 
free  the  anchor.  Such  loadings  would  not  last  a  long  time, 
say,  not  more  than  15  minutes.  This  gives  four  such  time 
periods  in  an  hour.  Thus  the  ENOS  of  1  gives,  on  the 
average,  one  swamping  in  four  occurances  of  the 
loadings/wave  combinations.  Such  value  may  be  considered  as 
the  critical  limit.  The  other  ENOS  value  (0.01)  reduces 
this  chance  by  a  factor  of  100,  thus  it  can  be  safely 
considered  as  a  very  high  level  of  safety. 

Eighteen  Figures,  numbered  58  through  75,  show  these 
results  in  the  form  of  histograms.  Each  Figure  shows  one 
tested  load  case  in  all  seven  wave  conditions.  The  left 
frame  in  each  Figure  shows  the  results  for  ENOS=l  and  the 
right  frame  for  0.01.  Both  theoretical  and  experimental 
results  are  displayed  in  both  frames.  For  convenience,  the 
relevant  parameters  are  listed  above  and  below  the  plots. 

The  results  are  reviewed  on  a  boat-by-boat  basis, 
individually  for  the  stern  and  head  wave  cases.  The 
experimental  results  are  reviewed  first. 


13.5-ft«  Jonboat  in  Stem  Hayes,  (Figures  58-,59,6.Q) 

The  original  stern  freeboard  in  these  conditions  varies 
from  0.54  to  0.88  feet.  Wave  conditions  4  and  5  require  an 
increase  of  freeboard  in  excess  of  8  inches,  even  at  ENOS 
of  1.  The  remaining  wave  cases  require  an  increase  of  from 
3  to  7.9  inches. 


13^5-ft*  Jonboat  in  Head  Waves,,  (Figure  ill 

The  bow  freeboard  is  now  only  0.45  feet.  All  wave 
conditions,  even  at  ENOS=l,  require  an  increase  of  freeboard 
in  excess  of  8  inches. 


s-ft.  Dinghy  in  Stern  waves  x  (Figures  £2  and  £31 

The  freeboard  varies  from  0.73  to  o.74  feet.  Wave 
conditions  4  and  5  require  the  freeboard  increase  of  more 
than  8  inches  at  ENOSsl.  At  ENOS-0.01  so  does  the  wave 
condition  3. 


8-ft.  Dinghy  in  Head  waves.  (Figure  ill 


The  freeboard  is  relatively  large  of  0.96  feet.  The  boat  is 
floating  almost  at  even  keel.  Even  in  this  moderate  load 
condition  the  wave  conditions  4  and  5  require  increasing 
the  freeboard  by  between  5  and  8  inches. 


14-ft.  aanbcab  In  stern  wavns ,  (Figure  ill 

The  freeboard  is  now  0.64  feet.  Most  wave  conditions 
require  large  increases  of  freeboard. 


14-ft  Jankfiat  in  Head  Waves#  (Figure  Ml 

The  freeboard  is  now  only  0.38  feet,  and  in  all  wave  cases 
the  freeboard  increase  exceeeds  8  inches. 


15.3-ft.  Runabout  in  stern  Mayes.*.  (Figures  £2  and  Ml 

Unlike  the  jonboats,  the  runabout  appears  to  be  a  more 
seaworthy  vessel,  due  to  its  higher  freeboard  when  floating 
at  equal  keel.  However,  even  this  boat  is  subjected  to  a 
dramatic  reduction  of  the  freeboard  when  it  is  loaded  at 
the  stern.  In  the  present  case  of  three  persons  sitting  at 
the  stern  and  two  amidships,  with  motor  and  gear,  the 
freeboard  is  between  0.60  and  0.62  feet,  which  is  similiar 
to  that  of  jonboats.  The  results  indicate  that  even  for 
this  boat  the  freeboard  would  need  to  be  increased 
significantly  (over  8  inches)  to  yield  ENOS *0.01. 


15.3-ft.  BunabOU-t  In  Head  Waves,  (flame  Ml 

The  freeboard  is  now  0.47  feet,  which  is  significantly 
lower  than  in  the  stern  load  case.  All  wave  conditions 
would  require  the  freeboard  to  increase  in  excess  of  8 
inches . 


12.125r.fL*  Skiff  In  Stern  waves.  (Figures  Id  and  211 

The  aft  portion  of  the  skiff  looks  similiar  to  the 
jonboats.  The  freeboard  in  the  stern  load  cases  was  between 
0.53  and  0.81  feet.  The  required  increase  in  freeboard 
exceeds  8  inches  in  most  of  the  wave  conditions. 


12.125-ft.  skiff  in  Hand  waves.  (Eigure  221 

The  freeboard  has  the  relatively  high  value  of  1  foot.  At 
ENOS  of  1,  the  required  increase  of  the  freeboard  is  2.5 
inches  for  all  wave  conditions  except  conditions  4  and  5. 


At  ENOS  of  0.01,  the  freeboard  increase  reaches  8  inches  or 

more. 


15.831rft.  Dory  in  Stern  WaveSi  (Figures  21  and  1A1 

The  dory  boat  tested  here  is  an  old  specimen  made  of  wood, 
of  the  classical  New  England  design.  These  boats  are 
reputed  to  be  very  seaworthy.  The  present  results  do  not 
support  this  fame.  In  stern  waves,  with  the  freeboard  being 
between  0.85  and  0.70  feet,  the  'required'  increase  of  the 
freeboard  still  exceeds  8  inches  in  many  wave  cases.  A 
likely  explanation  of  this  contradiction  is  that  the 
swamping,  as  defined  in  this  work,  would  be  less  dangereous 
on  the  pointed  bow/stern  dory  than  on  the  wide-transom 
jonboats,  runabouts  or  skiffs.  Furthermore,  the  end-lead 
condition  assumed  for  the  dory  would  be  very  rare  in  real 
life,  again  due  to  the  boat  shape  (narrow  ends)  while  it 
would  be  quite  possible  on  the  other  boat  types. 


15.833-ft.  Doxy  in  Read  Waves.  1  Figure  151 

The  dory  boat  is  almost  symmetrical  Fore  and  Aft,  therefore 
it  is  not  surprising  that  the  bow  load  case  turned  out  to 
be  similiar  to  the  stern  load  one. 


4.5  error  Q£  theoretical  predictions 

One  of  the  most  important  questions  addressed  in  the 
present  phase  of  the  project  is,  "How  good  are  the  results 
based  on  the  RAO's  computed  by  the  program  HANSEL?".  This 
Section  compares  the  theoretical  and  experimental  results. 

There  is  a  significant  number  of  load  and  wave  cases  where 
the  two  results  are  almost  identical,  thus  suggesting  that 
the  strip  theory,  although  not  intended  for  such  beamy 
boats,  may  still  yield  good  results.  However,  there  is  also 
a  large  number  of  cases  where  the  theory  is  completely 
wrong  (e.g.,  test  2000,  wave  spectrum=2,  ENOS-1,  where  the 
theory  predicts  over  8  inches  of  the  freeboard  increase, 
while  actually  there  is  none)  . 

It  was  hoped  that  it  might  be  possible  to  establish  the 
lower  bound  of  values  of  the  effective  length-to-beam  ratio 
where  the  strip  theory  would  be  valid.  Unfortunately,  the 
present  results  disqualify  this  supposition.  For  example, 
the  dory  boat,  test  2600,  has  effective  length/beam  ratio 
equal  to  4.08,  it  has  no  transom  and  it  is  the  most  "ship¬ 
like"  boat  of  the  entire  series.  One  could  expect  that  for 
this  case  the  theory  would  work  the  best.  It  turned  out 
that  it  was  quite  poor.  It  is  necessary  to  point  out  that 
we  mean  here  the  predictions  of  the  transom  motion  relative 
to  the  water  level  at  the  transom,  rather  than  the  heave 
and  pitch  motions.  The  latter  are  predicted  fairly  well  in 
most  cases,  but  due  to  the  diffraction  phenomenon,  the 
knowledge  of  them  is  not  sufficient  to  predict  accurately 
the  transom  relative  motion. 

These  disappointing  results  apply  to  all  boat  types 
studied.  Altghough  the  theory  seems  to  work  better  for 
jonboats  than  for  the  other  boat  types,  the  discrepancies 
are  large  enough  for  all  boat  types  to  conclude  that  the 
linear  strip  theory  in  general,  and  the  program  HANSEL  in 
particular,  is  not  suited  for  the  present  safeloading 


5.0  CONCLUSIONS  ME  RECOMMENDATIONS 


The  present  results  are  preliminary.  They  indicate  that  no 
small  correction  to  the  freeboard  would  make  the  boats  safe 
in  waves  if  certain  extreme  load  distributions  were  to  be 
tolerated.  In  order  to  make  the  boats  safe  in  waves, 
without  changing  the  present  Level  Floatation  regulation, 
the  freeboard  would  need  to  be  increased  by  close  to  100  %, 
and  often  even  more,  and  this  does  not  appear  practical. 
Therefore  one  potential  solution  to  the  problem  is  to 
require  a  warning  plate  on  the  boats  stating  that  the  boats 
as  built  can  be  inherently  unsafe  in  waves  in  most 
asymetrical  loading  conditions,  and  to  leave  the  rest  to 
the  boatman.  In  other  words,  one  solution  to  the  problem  is 
to  discourage  use  of  the  boats  in  any  conditions  other  than 
almost  dead  calm  waters. 

The  present  results  indicate  that  loading  conditions 
resulting  in  even  keel  are  significantly  less  dangereous 
than  the  extreme  loads,  and  that  the  probability  of 
swamping  decreases  to  tolerable  levels  in  all  but  the  most 
extreme  wave  conditions.  This  suggests  that  an  improvement 
in  safety  may  be  accomplished  by  joint  requirements  of 
level  loading,  perhaps  some  minor  increase  in  freeboard, 
and  perhaps  some  limitation  on  the  useage  in  extreme  wave 
conditions.  The  present  data  base  is  not  sufficient  to 
discuss  the  requirements  quantitatively.  Several  major 
studies  would  need  to  be  pe_ formed  first,  as  follows. 

In  order  to  assure  even  keel  loading,  the  internal 
arrangements  of  the  boats  would  need  to  be  altered. 
Possibly,  structures  such  as  railings  or  hand-holds 
which  make  human  access  to  the  boat  ends  difficult 
would  have  to  be  required.  This  step  may  require 
changes  of  the  present  Level  Floatation  regulation. 

Contrary  to  the  open-water  waves,  the  wave  spectra  on 
smaller  basins  are  subject  to  a  great  varability  due  to 
local  conditions  of  the  land  and  bottom  topography, 
wind,  current  and  wave  refraction,  other  boat  activity, 
as  well  as  fetch  and  duration.  For  this  reason  it  is 
difficult  to  define  some  "typical"  wave  spectra.  This 
subject  requires  additional  study,  and  possibly  some 
field  measurements  of  waves.  It  is  pointed  out  that 
such  measurements  are  usually  quite  expensive. 
Conceivably,  one  could  define  a  maximum  envelope  of  all 
reasonable  spectra,  e.g.  a  white  spectrum  of  sufficient 
magnitude  and  range  to  cover  all  reasonable  cases, 
however,  a  careful  trade-off  must  be  performed  between 
the  realism  of  this  approach  and  the  realism  of  the 
probability  of  swamping.  The  present  results  make  it 
clear  that  severe  wave  conditions  result  in  the  very 
high  probability.  Consideration  would  need  to  be  given 
not  only  to  the  wind  waves  but  also  to  the  waves 
generated  by  other  boats. 
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In  order  to  study  the  motions  in  waves  of  various  boats 
in  arbitrary  loading  conditions,  a  reliable  motion 
model  would  need  to  be  determined.  The  feasibility  of 
mathematical  modelling  of  the  motions  has  not  yet  been 
established.  This  report  demonstrated  that  the  motions 
are  indeed  linear  but  that  the  strip-theory  is  not 
suitable.  The  3-D  linear  theory  was  shown  to  give 
promising  results,  but  this  needs  to  be  confirmed  by 
more  extensive  comparisons  between  the  theory  and  the 
measured  RAO's.  Many  of  the  tasks  completed  in  the 
present  study  could  be  used  directly  with  the  3-D 
theory,  namely  the  offset  pre-processor,  computation  of 
the  motions  at  arbitrary  points  on  the  boats  and  all 
programs  which  predict  the  probability  of  swamping. 

Once  all  three  aspects  of  the  problem,  namely  the  changes 
in  boat  arrangements  and  loadings,  specifications  of 
extreme  wave  conditions,  and  motions  simulations  are 
completed  and  verified  under  actual  field  conditions,  the 
task  of  drafting  a  regulation  can  be  pursued.  It  is 
quite  possible  that  it  may  lead  to  a  regulation  which  would 
indeed  save  lives.  However,  the  cost  and  effort  of  doing 
this  may  be  high  indeed. 
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PROFILE  AND  BODY  PLAN  OF  8-FT.  DINGHY 


TABLE  OF  OFFSETS  OF  8.00  FT  JONBOAT 
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TABLE  OF  OFFSETS  OF  14  FT.  JONBOAT 


TABLE  OP  OFFSETS  OF  15.33-ft.  RUNABOUT 


Height 

feet 

Half-Breadth 

feet 

2.271 

2.273 
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;w< 
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0.890 

0.340 
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0.583 

1.469 

1.083 

1.646 

1.688 

1.647 

1.771 

1.948 

2.260 

1.949 

2.281 

2.104 

2.360 

3  continued 
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55 

55 


0.687 

1.042 

1.323 

1.324 

1.656 

1.657 
2.052 
2.080 


0.031 

0.448 

0.449 

0.573 

1.135 

1.136 

1.448 

1.449 
2.010 
2.042 
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0.397 

0.520 

0.938 

0.939 

1.240 
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0.417 
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0.709 
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1.938 
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2.667 


m 
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1.938 
2. 437 
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12.5  continued 


1.751 

1.792 


TABLE  OF  OFFSETS  OF  12.125-FT.  SKIFF 


feet 


Height 

Half -Breadth 

feet 
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1. 

86  0  1 

■KH| 

0. 

1. 

927 
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m 

00 

36 

0. 
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0 
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1.43  0 
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Dliltl 


0.5  42 
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71 
12 
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0 
0 
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ar»j 
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1.854 
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0.000 
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FIGURE 


TABLE  OP  OFFSETS  OF  15.833-FT.  DORY 


Distance  from  F.P. 

Height 

Half -Breadth 

feet 

feet 

feet 

10.0 


11.0 


14.0 


15.0 


15.833 
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»l!i 


1.8  96 


0.0  84 


[•■Vtlilil 


0.001 


WII.1 


0.000 

0.001 
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.010 
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0.021 
0.02  2 
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0.07  3 
0.07  4 
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0. 
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0.000 
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00 
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0.854 

1.833 
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0.000 
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0.000 
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0.0  00 


Figure  8.  13.5-foot  Jonboat  in  Position  for  Testing 
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Figure  14c.  RELATIVE  TRANSOM  MOTION  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  1  MAN  AFT 
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13.5  FT.  JONBOAT 
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Figure  15  d.  HEAVE  PHASE  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  2  MEN  AFT 


13.5  FT.  JONBOAT 


FFERENT  WAVE  HEIGHTS,  STERN  WAVES,  2  MEN  AFT 


WAVE  HEIGHT  =  1.5"  TEST  SERIES  500 


Figure  16  a.  HEAVE  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  1  MAN  AFT  and  |  MAN  MIDSHIP 


Figure  16  b.  PITCH  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  1  MAN  AFT  and  1  MAN  MIDSHIP 


WAVE  HEIGHT  =  1.5"  TEST  SERIES  500 


Figure  16  c.  RELATIVE  TRANSOM  MOTION  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES 

1  MAN  AFT  and  1  MAN  MIDSHIP 


WAVE  HEIGHT  =  1.5"  TEST  SERIES  500 


JONBOAT 


WAVE  HEIGHT  =  1.5"  TEST  SERIES  700 
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Figure  17  a.  HEAVE  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  HEAD  WAVES,  2  MEN  FORWARD 
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13.5  FT.  JONBOAT 


Figure  17  e.  PITCH  PHASE  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  HEAD  WAVES,  2  MEN  FORWARD 


HALF- SCALE  MODEL  OF  13.5  FT.  JONBOAT 


Figure  18  a.  HEAVE  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  1  MAN  AFT 


WAVE  HEIGHT  =  0.75"  TEST  SERIES  900 


Figure  is  c.  RELATIVE  TRANSOM  MOTION  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  1  MAN  AFT 


HALF-SCALE  MODEL  OF  13.5  FT.  JONBOAT 


DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  1  MAN  AFT 


Figure  18  e.  PITCH  PHASE  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  1  MAN  AFT 


Figure  19  a.  HEAVE  RAO,  WAVE  HEIGHT=1.5" ,  1  MAN  AFT,  STERN  WAVES,  TEST  SERIES  1100 
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RELATIVE  TRANSOM  MOTION  RAO,  WAVE  HEIGHT=1.5",  1  MAN  AFT,  STERN  WAVES,  TEST  SERIES  1100 
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Figure  19  d.  HEAVE  PHASE  ,  WAVE  HEIGHTS. 5",  1  MAN  AFT,  STERN  WAVES,  TEST  SERIES  1100 
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Figure  19  e.  PITCH  PHASE,  WAVE  HEIGHTS. 5",  1  MAN  AFT,  STERN  WAVES,  TEST  SERIES  1100 


WAVE  HEIGHT  =  1.5"  TEST  SERIES  1300 


Figure  20  c.  RELATIVE  TRANSOM  MOTION  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  1  MAN  AFT 
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Figure  21  a.  HEAVE  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  HEAD  WAVES,  EVEN  KEEL 
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Figure  21  b.  PITCH  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  HEAD  WAVES,  EVEN  KEEL 


WAVE  HEIGHT  =  1.5“  TEST  SERIES  1500 


RELATIVE  TRANSOM  MOTION  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  HEAD  WAVES,  EVEN  KEEL 
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WAVE  HEIGHT  =  1.5"  TEST  SERIES  1900 


WAVE  HEIGHT  =  1.5"  TEST  SERIES  1900 


Figure  23  b.  PITCH  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  HEAD  WAVES,  2  MEN  FORWARD  and  1  MAN  MIDSHIP 
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IGURE  24  b.  PITCH  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  3  MEN  AFT  and  2  MEN  MIDSHIP 
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FIGURE  25  b.  PITCH  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  3  MEN  AFT 


TEST  SERIES  2200,  WAVE  HEIGHT 


FIGURE  26  c.  RELATIVE  TRANSOM  MOTION  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  BOW  WAVES,  2  MEN  FORWARD  &  2  MIDSHIP 
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FIGURE  27  a.  HEAVE  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  2  MEN  AFT  and  1  MAN  MIDSHIP 
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FIGURE  27  b.  PITCH  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  2  MEN  AFT  and  1  MAN  MIDSHIP 


TEST  SERIES  2300,  WAVE  HEIGHT 


FIGURE  27  c.  RELATIVE  TRANSOM  MOTION  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  2  MEN 


TEST  SERIES  2450,  WAVE  HEIGHT 
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FIGURE  29  a.  HEAVE  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  BOW  WAVES,  2  MEN  FORWARD  and  1  MAN  MIDSHIP 
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TEST  SERIES  2600  ,  WAVE  HEIGHT 
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FIGURE  30  c.  RELATIVE  TRANSOM  MOTION  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  1  MAN  AFT  and  1  MIDSHIP 
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FIGURE  31  b.  PITCH  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  STERN  WAVES,  1  MAN  AFT 
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FIGURE  32  a.  HEAVE  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  BOW  WAVES,  1  MAN  FORWARD 
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FIGURE  32  c.  RELATIVE  TRANSOM  MOTION  RAO  AT  TWO  DIFFERENT  WAVE  HEIGHTS,  BOW  WAVES,  1  MAN  FORWARD 
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Figure  33  d.  RELATIVE  TRANSOM  MOTION  RAO,  STERN  WAVES,  1  MAN  AFT,  TEST  SERIES  100 
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Figure  33  f.  PITCH  PHASE,  STERN  WAVES,  1  MAN  AFT,  TEST  SERIES  100 
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RELATIVE  TRANSOM  MOTION  RAO,  STERN  WAVES,  2  MEN  AFT,  TEST  SERIES  300 
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Figure  36  e.  HEAVE  PHASE,  HEAD  WAVES,  2  MEN  FORWARD,  TEST  SERIES  700 
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Figure  37a. UNDERBODY  SHAPE  OF  8-FT.  DINGHY  IN  TEST  SERIES  1100 
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Figure  37 


Figure  37  d.  RELATIVE  TRANS 
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UNDERBODY  SHAPE  OF  8-FOOT  DINGHY  IN  TEST  SERIES  1300  (AS  "SEEN"  BY  HANSEL) 
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Figure  38  b.  HEAVE  RAO,  STERN  WAVES,  1  MAN  AFT,  TEST  SERIES  1300 
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Figure  38  d.  RELATIVE  TRANSOM  MOTION  RAO,  STERN  WAVES,  1  MAN  AFT,  TEST  SERIES  1300 
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Figure  40c.  PITCH  RAO,  STERN  WAVES,  2  MEN  AFT  and  1  MAN  MIDSHIP,  TEST  SERIES  1700 


MEASURED 


Figure  40  d.  RELATIVE  TRANSOM  MOTION  RAO,  STERN  WAVES,  2  MEN  AFT  and  1  MAN  MIDSHIPS,  TEST  SERIES  1700 
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Figure  41  c.  PITCH  RAO,  HEAD  WAVES,  2  MEN  FORWARD  and  1  MAN  MIDSHIP,  TEST  SERIES  1900 


MEASURED 


Figure  41  d.  RELATIVE  TRANSOM  MOTION  RAO,  HEAD  WAVES,  2  MEN  FORWARD  and  1  MAN  MIDSHIPS, 

TEST  SERIES  1900 
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FIGURE  43  d.  TRANSOM  RELATIVE  MOTION  RAO,  STERN  WAVES,  3  MEN  AFT,  TEST  SERIES 
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FIGURE  44  c. PITCH  KAO,  BOW  WAVES,  2  MEN  FORWARD  and  2  MEN  MIDSHIP,  TEST  SERIES  2200 
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MEASURED 


FIGURE  45  b.  HEAVE  RAO,  STERN  WAVES,  2  MEN  AFT  and  1  MAN  MIDSHIP,  TEST  SERIES  2300 
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FIGURE  47  d.  TRANSOM  RELATIVE  MOTION  RAO,  BOW  WAVES,  2  MEN  FORWARD  and  1  MAN  MIDSHIP,  TEST  SERIES  2  500 
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FIGURE  49  b.  HEAVE  RAO,  STERN  WAVES,  1  MAN  AFT,  TEST  SERIES  2700 
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MEASURED 
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FIGURE  50  b.  HEAVE  RAO,  BOW  WAVES,  1  MAN  FORWARD,  TEST  SERIES  2800 
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EXPECTED  NUMBER  OF  SWAMPINGS  PER  HOUR  FOR  DIFFERENT  TEST  CONDITIONS.  WAVE  SPECTRUM 


EXPECTED  NUMBER  OF  SWAMPINGS  PER  HOUR  FOR  DIFFERENT  TEST  CONDITIONS.  WAVE  SPECTRUM 
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FIG.  53  a.  EXPECTED  NUMBER  OF  SWAMPINGS  PER  HOUR  FOR  DIFFERENT  TEST  CONDITIONS.  WAVE  SPECTRUM 
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FIG.  53  c.  EXPECTED  NUMBER  OF  SWAMPINGS  PER  HOUR  FOR  DIFFERENT  TEST  CONDITIONS.  WAVE  SPECTRUM 
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FIG.  54  c.  EXPECTED  NUMBER  OF  SWAMPINGS  PER  HOUR  FOR  DIFFERENT  TEST  CONDITIONS.  WAVE  SPECTRUM 
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FIG.  55  c.  EXPECTED  NUMBER  OF  SMAMPINGS  PER  HOUR  FOR  DIFFERENT  TEST  CONDITIONS.  WAVE  SPECTRUM 
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FIG.  56  c.  EXPECTED  NUMBER  OF  SWAMPINGS  PER  HOUR  FOR  DIFFERENT  TEST  CONDITIONS.  WAVE  SPECTRUM 


FIG.  56  d.  EXPECTED  NUMBER  OF  SWAMPINGS  PER  HOUR  FOR  DIFFERENT  TEST  CONDITIONS.  WAVE  SPECTRUM 
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FIG.  57  a.  EXPECTED  NUMBER  OF  SWAMPINGS  PER  HOUR  FOR  DIFFERENT  TEST  CONDITIONS.  WAVE  SPECTRUM 


FIG.  57  b.  EXPECTED  NUMBER  OF  SWAMPINGS  PER  HOUR  FOR  DIFFERENT  TEST  CONDITIONS.  WAVE  SPECTRUM 
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FIG.  58  a.  EXPECTED  NUMBER  OF  SWAMPINGS  PER  HOUR  FOR  DIFFERENT  TEST  CONDITIONS.  WAVE  SPECTRUM 
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FIG.  58  b.  EXPECTED  NUMBER  OF  SWAMPINGS  PER  HOUR  FOR  DIFFERENT  TEST  CONDITIONS.  WAVE  SPECTRUM 
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EXPECTED  NUMBER  OF  SWAMPINGS  PER  HOUR  FOR  DIFFERENT  TEST  CONDITIONS.  WAVE  SPECTRUM 
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fig. 59.  increase  in  freeboard  for  the  required  probability  of  swampings,  for  seven  wave  spectra 
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fig.  61. INCREASE  IN  FREEBOARD  FOR  THE  REQUIRED  PROBABILITY  OF  SWAMPINGS,  FOR  SEVEN  l/AVE  SPECTRA 
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FIG. 62.  INCREASE  IN  FREEBOARD  FOR  THE  REQUIRED  PROBABILITY  OF  SWAMPINGS,  FOR  SEVEN  WAVE  SPECTRA 
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FIG.  64. INCREASE  IN  FREEBOARD  FOR  THE  REQUIRED  PROBABILITY  OF  SWAMPINGS,  FOR  SEVEN  WAVE  SPECTRA 
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FIG.  65.  INCREASE  IN  FREEBOARD  FOR  THE  REQUIRED  PROBABILITY  OF  SWAf.iPlNGS ,  FOR  SEVEN  VJAVE  SPECTRA 
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FIG.  66. INCREASE  IN  FREEBOARD  FOR  THE  REQUIRED  PROBABILITY  OF  SWAMPINGS,  FOR  SEVEN  WAVE  SPECTRA 
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FIG.67.  INCREASE  IN  FREEBOARD  FOR  THE  REQUIRED  PROBABILITY  OF  SWAMPINGS,  FOR  SEVEN 


TEST=2  000  BOAT=  RUNABOUT  LOAD=  3A/2M  ORIGINAL  FREEBOARD=  0.62' 
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INCREASE  IN  FREEBOARD  FOR  THE  REQUIRED  PROBABILITY  OF  SWAM PINGS.  FOR  SEVEN  WAVE  SPECTRA 


INCREASE  IN'  FREEBOARD  FOR  THE  REQUIRED  PROBABILITY  OF  SWAMPINGS,  FOR  SEVEN'  WAVE  SPECTRA 


INCREASE  IN  FREEBOARD  FOR  THE  REQUIRED  PROBABILITY  OF  SWAMPINGS,  FOR  SEVEN  WAVE  SPECTRA 


INCREASE  IN  FREEBOARD  FOR  THE  REQUIRED  PROBABILITY  OF  SWAMPINGS ,  FOR  SEVEN  WAVE  SPECTRA 


FIG.  74.  INCREASE  IN  FREEBOARD  FOR  THE  <EQUIRED  PROBABILITY  OF  SWAMPINGS,  FOR  SEVEN  WAVE  SPECTRA 
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INCREASE  IN'  FREEBOARD  FOR  THE  REQUIRED  PROBABILITY  OF  SWAMPINGS,  FOR  SEVEN'  WAVE  SPECTRA 


TEST=2800  80AT=  DORY  LOAD*  IF  ORIGINAL  FREEBOARD*  1.12 


FIG.  76 .INCREASE  IN  FREEBOARD  FOR  THE  REQUIRED  PROBABILITY  OF  SWAMPINGS,  FOR  SEVEN  WAVE  SPECTRA 


DERIVATION  Q£  HEAVE  MU  SURGE  FROM  POTENTIOMETER  KEAiiiPH.a 

The  second  heave  motion  record  (and  optionally  a  surge 
record)  can  be  derived  from  the  measurements  of 
potentiometers ,  using  simple  geometry.  Figure  77 
illustrates  the  test  set  up. 

Two  potentiometers,  denoted  1  and  2  were  calibrated  to 
measure  instantaneous  values  of  the  lengths  of  tv/o  wires, 
pn(t)  and  p2(t).  The  values  dn(t),  d2(t)  and  w(t)  ,  also 
shown,  represent  respectivly  the  horizontal  and  vertical 
distances  between  the  potentiometers  and  the  boat  center  of 
gravity. Let  the  values  of  d^t),  a2(t)  and  w(t)  mgasurec  to 
the  mean  position  of  the  center  of  gravity  be  dj_,  d°  and 
wQ  .  Since  the  distance  between  the  potentiometers  was 
constant. 


31  (t)+d2  (t)=D. 


The  heave  and  surge  motions,  h(t)  and  s(t)  are  defined  as 


h(t)=wQ  -W(t) 
s(t)=di  (t)-d? 


From  geometry 


w(t}=  Jp^  (t)-di' 


w(t)»  jp22  (t)-d22  (t)  =  p22  (tJ-lD-di  (t)]2 


Therefore 


Pi2  (t) -dx2  (t)-p22  (t) -  [D-d!  (t)]2 


dp2  (t)=  [pi2  (t)-p22  ( t) +d2  J/2D 

Upon  substitution  of  (11)  and  (12)  into  (9)  and  (10),  the 
heave  and  surge  records  become  available  by  explicit 
functions  of  the  potentiometer  readings  pi(t)  and  P2(t) , 
and  the  quantities  wu  ,d^  and  D.  The  value  of  wQ  was 
measured  with  the  boat  in  still  water.  If  there  were  no 
drifting  motion  of  the  boat,  the  parameter  d£  could  also  be 
measured  in  still  water.  However,  the  second  order  wave 
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force  ("drift"  force)  causes  some  drift  downstream  until 
the  mean  force  in  the  tethering  line  reaches  the  steady 
dynamic  state.  Thus  in  each  different  test  there  was  a 
different  mean  boat  position,  i.e.,  a  different  value  of 
d£  •  Therefore  this  value  had  to  be  read  with  the  waves 
going,  after  the  steady  state  has  been  reached.  This  value 
was  measured  with  the  help  of  a  carpenter's  plumb,  as 
sketched  in  Fig. 77.  It  is  believed  that  with  care  it  is 
possible  to  obtain  fairly  accurate  results  with  this 
method.  Unfortunately,  in  the  present  case  some 
mismeasurements  occured  due  to  lack  of  experience  v/ith  this 
system.  Therefore  the  resultant  heave  record  (of  this 
instrument  only)  can  be  somewhat  in  error.  Recall  that  the 
acoustically  measured  heave  is  not  affected  by  it. 

It  should  be  pointed  out  that  this  procedure  should  not  be 
used  in  irregular  waves  since  both  the  drift  force  and  the 
mean  boat  position  in  surge  then  vary  in  time  slowly.  In 
contrast  the  drift  force  in  regular  waves  is  constant  in 
time,  thus  there  exists  a  constant  mean  position  in  surge. 

The  vertical  fluid  forces  are  order (s)  of  magnitude  larger 
than  the  vertical  component  of  the  tethering  line  force, 
therefore  the  effect  of  the  lines  on  the  heave  and  pitch 
motions  should  be  negligible.  However  the  horizontal  surge 
force  is  smaller,  being  comparable  to  the  horizontal 
mooring  force,  thus  the  surge  motion  measurement  can  be 
affected  by  the  tethering  system. 

This  procedure  is  considered  secondary  in  accuracy  to  the 
MST  instrument  now  available  at  the  Offshore  Technology 
facilities. 


APPENDIX  2 
LOAD I NH  SHEETS 

The  following  pages  present  computer  printouts  with  the 

and  center  of  gravity  data  for  all 
combinations  of  boats  and  loading  conditions. 


WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

=13. 5' JON 

TEST  NUMBER 

=  100 

LOAD 

=  1  MAN  AFT 

LOA  <  FT ) 

=  13. 50 

LIGHT  INERTIA  IN  PITCH ( LBS-FT2 ) 

=  1917,0 

ITEM 

WEIGHT (LB) 

X(AP,FT> 

Y( ABOVE  BL  >FT ) 

1BARE  HULL 

80.  50 

6 . 00 

.  50 

2M0T0R 

65.25 

-.21 

1. 50 

3P0RT  GYRO 

4.  50 

7.46 

.19 

4STBD.GYR0 

4.  50 

6.20 

.  19 

5AFT  WAVE  PROBE 

3.25 

-.28 

1.71 

6FWD  WAVE  PROBE 

3.25 

13.  77 

1.92 

7 WEIGHT  A 

165.00 

2.  16 

1.33 

0WEIGHT  B 

.  00 

,  00 

.00 

9WEIGHT  C/D 

14.00 

7.32 

.05 

10TETHER  CHAIN 

2.  20 

1.40 

.  00 

TOTALS 

342.45 

3.03 

1 . 09 

DISPLACEMENT (LBS) 

= 

342.45 

LCG ( FROM  BOW (FT  ) 

=  . 

10.47 

VCG( ABOVE  BL(FT  ) 

1.09 

PITCH  IN. (LB-FT2) 

= 

4321.48 

WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

=13. 5' JON 

TEST  NUMBER 

=  300 

LOAD 

=  2  MEN  AFT 

LOA(FT) 

=  13.50 

LIGHT  INERTIA  IN  PITCH (LBS-FT2) 

=  1917.0 

ITEM 

WEIGHT(LB) 

X(AP,FT> 

Y  < ABOVE 

1BARE  HULL 

80.  50 

6.00 

.50 

2M0T0R 

65.25 

-.21 

1.50 

3P0RT  GYRO 

4.50 

7.46 

.  19 

4STBD . GYRO 

4.50 

6.20 

.  19 

5AFT  WAVE  PROBE 

3.25 

-.28 

1.71 

6FWD  WAVE  PROBE 

3.25 

13.77 

1.92 

7 WEIGHT  A 

165.00 

2. 16 

1.33 

QWEIGHT  B 

165.00 

2.  16 

1.33 

9WEIGHT  C/D 

14.00 

7.32 

.05 

10TETHER  CHAIN 

2.20 

2.  50 

.  00 

TOTALS 

507,45 

2.  75 

1.17 

DISPLACEMENT (LBS)  =  507.45 
LCG ( FROM  BOW ( FT  )  =  10.75 
VCG  ( ABOVE  BL(FT  )  1.17 
PITCH  IN. (LB-FT2)  =  4407.95 


,FT) 


WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

=13. 5' JON 

TEST  NUMBER 

=  500 

LOAD 

=  1A/1M 

LOA(FT) 

=  13.50 

LIGHT  INERTIA  IN  PITCH(LBS-FT2) 

=  1917.0 

ITEM 

WEIGHT ( LB) 

X(AP,FT) 

Y( ABOVE 

1BARE  HULL 

80 . 50 

6.00 

.  50 

2M0T0R 

65.25 

-.21 

1.50 

3P0RT  GYRO 

4.  50 

7.46 

.19 

4STBD. GYRO 

4.  50 

6.  20 

.  19 

5AFT  WAVE  PROBE 

3.25 

-.28 

1.71 

6FWD  WAVE  PROBE 

3.25 

13.  77 

1,92 

7 WEIGHT  A 

165.00 

2.  16 

1.33 

8WEIGHT  B 

165.00 

8.  57 

1.33 

9WEIGHT  C/D 

14.00 

7.32 

.05 

10TETHER  CHAIN 

2.  20 

2.50 

.  00 

TOTALS 

507,45 

4.83 

1.17 

DISPLACEMENT (LBS)  =  507.45 
LCG ( FROM  BOW (FT  )  =  8.67 
VCG ( ABOVE  BL  <  FT  )  1.17 
PITCH  IN. ( LB-FT2 )  *  7735.46 


,FT) 


WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

=  13 

.5' JON 

TEST  NUMBER 

3 

700 

LOAD 

=  2 

MEN  FWD 

LOA(FT) 

a 

13.50 

LIGHT  INERTIA  IN  PITCH (LBS-FT2)  = 

1917.0 

ITEM 

WEIGHT (LB) 

X(AP,FT) 

Y  ( ABO' 

1BARE  HULL 

80.50 

6.00 

.50 

2M0T0R 

65.25 

-.21 

1.50 

3P0RT  GYRO 

4.50 

7.46 

.  19 

4STBD. GYRO 

4.  50 

6.20 

.19 

5AFT  WAVE  PROBE 

3.25 

-.28 

1.71 

6FWD  WAVE  PROBE 

3.25 

13.  77 

1.92 

7 WEIGHT  A 

165.00 

12.83 

1.33 

8WEIGHT  B 

165.00 

12.83 

1.33 

9WEIGHT  C/D 

14.00 

7.32 

.05 

10TETHER  CHAIN 

2.20 

11.50 

.00 

TOTALS 

507.45 

9.  73 

1.17 

BL,FT> 


DISPLACEMENT (LBS)  =  507.45 
LCG ( FROM  BOW ( FT  )  =  •  3.77 
VCG< ABOVE  BL(FT  )  1.17 
PITCH  IN. (LB-FT2)  =  13285.06 


WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

=  * 

5  SCALE  J 

TEST  NUMBER 

S 

900 

LOAD 

= 

i  MAN  AFT 

LOA(FT) 

= 

6.  75 

LIGHT  INERTIA  IN  PITCH (LBS-FT2) 

a 

76.9 

ITEM 

WEIGHT<LB) 

X  <AP,FT) 

Y ( ABOVE 

1BARE  HULL 

13.  78 

3.28 

.  18 

2M0T0R 

8. 15 

-.10 

.67 

3P0RT  GYRO 

4.  50 

3.86 

.  13 

4STBD. GYRO 

4.  50 

2.69 

,  13 

5AFT  WAVE  PROBE 

3.27 

-.10 

1.33 

6FWD  WAVE  PROBE 

.00 

.00 

.00 

7WEIGHT  A 

14.49 

1.11 

.69 

0WEIGHT  B 

.00 

.00 

.00 

9WEIGHT  C/D 

.  00 

.00 

.00 

10TETHER  CHAIN 

.27 

.70 

.00 

TOTALS 

48.96 

1.83 

.48 

DISPLACEMENT (LBS) 

a 

48.96 

LCG < FROM  BOW (FT  ) 

a  . 

4.92 

VCG( ABOVE  BL(FT  ) 

= 

.48 

PITCH  IN. (LB-FT2) 

a 

183.83 

WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

=8' DINGHY 

TEST  NUMBER 

=  1100 

LOAD 

=  1  MAN  AFT 

LOA<  FT ) 

=  8,00 

LIGHT  INERTIA  IN  PITCH(LBS-FT2) 

=  788.2 

ITEM 

WEIGHT(LB) 

X(AP,FT) 

Y< ABOVE 

1BARE  HULL 

90.75 

3.44 

.69 

2M0T0R 

65.25 

-.21 

1.45 

3P0RT  GYRO 

4.  50 

3.83 

.10 

4STBD. GYRO 

4.  50 

3.04 

.  10 

5AFT  WAVE  PROBE 

3,25 

-.33 

2.08 

6FWD  WAVE  PROBE 

.00 

.00 

.00 

7 WEIGHT  A 

150,00 

2.00 

1.60 

8WEIGHT  B 

.00 

.00 

.00 

9WEIGHT  C/D 

22.25 

3.44 

.05 

10TETHER  CHAIN 

2.20 

1.33 

-.13 

TOTALS 

342.70 

2.07 

1.18 

DISPLACEMENT (LBS) 

S 

342.70 

LCG ( FROM  BOW (FT  ) 

=  . 

5.93 

VCG( ABOVE  BL(FT  ) 

s 

1.18 

PITCH  IN. (LB-FT2) 

s 

1476.67 

WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

=a 

'  DINGHY 

TEST  NUMBER 

= 

1300 

LOAD 

= 

1  MAN  AFT 

LOA(FT) 

ss 

8.00 

LIGHT  INERTIA  IN  PITCH(LBS~FT2>  = 

895.0 

ITEM 

WEIGHT (LB) 

X(AP,FT> 

Y( ABOVE  BL /FT ) 

1BARE  HULL 

83.25 

3.  56 

« 63 

2M0T0R 

65.25 

-.21 

1.45 

3MST 

4 . 50 

3.  56 

.  63 

4  GYRO 

.  00 

.  QU 

.  00 

5AFT  WAVE  PROBE 

6.50 

- .  33 

2 . 08 

6FWD  WAVE  PROBE 

.00 

.  00 

.  00 

7 WEIGHT  A 

150.00 

2.03 

1 . 60 

QWEIGHT  B 

22.00 

3.  52 

.  06 

9WEIGHT  C/D 

2.25 

2.  77 

.  06 

10TETHER  CHAIN 

2.90 

1.34 

.  00 

TOTALS 

336.65 

2.  05 

1.20 

DISPLACEMENT (LBS) 

336.65 

LCG(FROM  BOW (FT  ) 

=  ■ 

5.95 

VCG( ABOVE  BL(FT  ) 

= 

1.20 

PITCH  IN. (LB-FT2) 

= 

1612. 70 

WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

*8' DINGHY 

TEST  NUMBER 

=  1500 

LOAD 

=  EVEN  KEEL 

LOA(FT) 

=  8.00 

LIGHT  INERTIA  IN  PITCH(LBS-FT2) 

=  895.0 

ITEM 

WEIGHT (LB) 

X  <  AP  >  FT ) 

Y< ABOVE  BL,FT> 

1BARE  HULL 

83.25 

3.  56 

.63 

2M0T0R 

.00 

-.21 

1.45 

3MST 

4.50 

3.  56 

.63 

4GYR0 

.00 

.00 

.00 

5AFT  WAVE  PROBE 

3.25 

-.33 

2.08 

6FWD  WAVE  PROBE 

3.25 

8.04 

1.92 

7 WEIGHT  A 

150.00 

2.02 

1.68 

QWEIGHT  B 

104.00 

6.08 

.94 

9WEIGHT  C/D 

75.00 

.48 

.06 

10WEIGHT  E 

2.25 

2.81 

.75 

11 TETHER  CHAIN 

2.90 

6.  74 

.00 

TOTALS 

428.40 

3.12 

.99 

DISPLACEMENT (LBS) 

S 

428.40 

LCG ( FROM  BOW (FT  ) 

3 

4.88 

VCG( ABOVE  BL(FT  ) 

3 

.99 

PITCH  IN. (LB-FT2) 

= 

2840.54 

WEIGHT  AND  INERTIA  CALCULATIONS 

BOAT 

=14' JON 

TEST  NUMBER 

= 

1700 

LOAD 

S 

2  A/1  M 

LOA(FT) 

= 

14.00 

LIGHT  INERTIA  IN 

PITCH (LBS-FT2)  = 

8851.0 

ITEM 

WEIGHT ( LB) 

X< AP,FT> 

Y( ABOVE  BL,FT) 

1 LOADED  BOAT 

784.50 

4.07 

1.23 

TOTALS 

784. 50 

4.07 

1.23 

DISPLACEMENT (LBS) 

= 

784. 50 

LCG< FROM  BOW (FT  ) 

a 

9.  93 

VCG( ABOVE  BL(FT  ) 

= 

1.23 

PITCH  IN. ( LB-FT2 ) 

s 

8851.00 

WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

TEST  NUMBER 

LOAD 

LOA(FT) 

LIGHT  INERTIA  IN  PITCH (LBS-FT2) 


*14' JON 
=  1900 

*  2  F/l  M 

*  14.00 
B  16036.0 


ITEM 

1 LOADED  BOAT 


WEIGHT(LB)  X(AP,FT)  Y ( ABOVE  BL,FT> 
785.20  8.76  1.37 


TOTALS 


785.20  8.76  1,37 


DISPLACEMENT (LBS)  =  785.20 
LCG(FROM  BOW ( FT  )  5.24 
VCG ( ABOVE  BL<  FT  )  1,37 
PITCH  IN. (LB-FT2)  =  16036.01 
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WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

=  RUNABOUT 

TEST  NUMBER 

=  1000 

LOAD 

*  3A/2M 

LOA(FT) 

=  15.33 

LIGHT  INERTIA  IN  PITCH(LBS-FT2> 

=  12320.0 

ITEM 

WEIGHT(LB) 

X(AP,FT) 

Y( ABOVE 

1BARE  HULL 

596.50 

6.51 

1.11 

20UTB0ARD  MOTOR 

65.25 

-.42 

2.06 

3GYR0 

4.50 

7.42 

1.63 

4MST 

3.50 

4.09 

1.71 

5FWD  WAVE  PROBE 

.00 

.00 

.00 

62  AFT  WAVE  PROBES 

3.25 

15.34 

3.29 

7WEIGHTS  1,2 

330.00 

7.47 

2.15 

6WEIGHTS  3,4,5 

495.00 

1 .84 

1.60 

9GEAR 

157.00 

5.72 

1.06 

10TETHER  CHAIN 

2.20 

3.66 

.00 

TOTALS 

1657.20 

4.97 

1.50 

DISPLACEMENT (LBS)  =  1657.20 
LCG ( FROM  BOW (FT  )  *  10.36 
VCG( ABOVE  BL(FT  )  1.50 
PITCH  IN. (LB-FT2)  ■  23313.90 


WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

S 

RUNABOUT 

TEST  NUHBER 

S 

1100 

LOAD. 

s 

3A 

LOA(FT) 

s 

15.33 

LIGHT  INERTIA  IN  PITCH(LBS-FT2) 

s 

12320.0 

I  TEH 

WEIGHT (LB) 

X(AP,FT> 

Y( ABOVE 

1BARE  HULL 

596.50 

6.51 

1.11 

20UTB0ARD  HOTOR 

65.25 

-.42 

2.08 

3GYR0 

4.50 

7.42 

1.63 

4  (1ST 

3.50 

4.09 

1.71 

5FWD  WAVE  PROBE 

.00 

.00 

.00 

62  AFT  WAVE  PROBES 

3.25 

15.34 

3.29 

7WEIGHTS  1,2 

.00 

.00 

.00 

8WEIGHTS  3,4,5 

495.00 

1.84 

1*60 

9GEAR 

157.00 

5.72 

1.08 

10TETHER  CHAIN 

2.20 

3.66 

.00 

TOTALS 

1327.20 

4.35 

1.34 

D I SPLACEHENT ( LBS )  >  1327.20 
LCG(FROH  BOW (FT  )  »  10.98 
VCG( ABOVE  BL(FT  )  »  1.34 
PITCH  IN.(LB-FT2)  «  20565.60 


WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

= 

RUNABOUT 

TEST  NUMBER 

= 

1200 

LOAD 

S 

2F/2M 

LOA(FT) 

S 

15.33 

LIGHT  INERTIA  IN  PITCH(LBS-FT2) 

= 

12320.0 

ITEM 

WEIGHT! LB) 

X(AP,FT> 

Y( ABOVE 

1BARE  HULL 

596.50 

6.51 

1.11 

20UTB0ARD  MOTOR 

65.25 

-.42 

2.08 

3GYR0 

4.50 

7.42 

1.63 

4HST 

3.50 

4.09 

1.71 

5FWD  WAVE  PROBE 

3.25 

15.34 

3.29 

62  AFT  WAVE  PROBES 

.00 

.00 

.00 

7WEIGHTS  1,2 

330.00 

7.47 

2.15 

8WEIGHTS  3,4 

330.00 

12.52 

1.66 

9GEAR 

157.00 

5.72 

1.08 

10TETHER  CHAIN 

2.20 

3.66 

.00 

TOTALS 

1492.20 

7.68 

1.51 

D I SPLACEHENT ( LBS )  »  1492.20 
LCG(FROH  BOW (FT  )  «  7.65 
VCG ( ABOVE  BL(FT  )  1.51 
PITCH  IN. (LB-FT2)  *  26341,15 


< 


* 


k 


HEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

3 

SKIFF 

"S 

TEST  HUMBER 

* 

1300 

V-;. 

LOAD 

3 

2A/1N 

• « 

* . 

LOA(FT) 

X 

12.12 

•  -  “ « 

LIGHT  INERTIA  IN  PITCH(LBS-FT2>  > 

1360.0 

•  ■«  *  ’« 

vA-a 

ITEM 

HEIGHT (LB) 

X<AP,FT> 

Y< ABOVE  BL,FT> 

/■o 

1BARE  HULL 

54.00 

4.06 

.75 

SS 

20UTB0ARD  HOTOR 

65.25 

-.50 

1.67 

3CYR0 

4.50 

11.00 

1.90 

4HST 

3.50 

6.54 

1.33 

5FWD  HAVE  PROBE 

.00 

.00 

.00 

62  AFT  WAVE  PROBES 

6.50 

.17 

.67 

7HEIGHT  A 

165.00 

1.25 

.79 

OHEIGHT  B 

165.00 

1.25 

.79 

V/.i 

PHEIGHT  C 

165.00 

6.21 

2.12 

10TETHER  CHAIN 

.00 

.00 

.00 

t^f 

TOTALS 

620.75 

2.77 

1.24 

DISPLACEMENT ( LBS ) 

* 

620.75 

/  1  i 

LCG(FROH  BOH (FT  ) 

« 

9.36 

VCG ( ABOVE  BL(FT  > 

• 

1.24 

PITCH  IN. (LB-FT2) 

■ 

5645.26 

Si 
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irfi  nm4  »  i  »■  > 
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WEIGHT' AND  INERTIA  CALCULATIONS 


BOAT 

TEST  NUMBER 

LOAD 

LOA(FT) 


ITEM 

1BARE  HULL 
20UTB0ARQ  MOTOR 
3CYR0 
4HST 

5FWD  WAVE  PROBE 
62  AFT  WAVE  PROBES 
7WEIGHT  A 
8WEIGHT  B 
9WEIGHT  C 
10TETHER  CHAIN 

TOTALS 


*  SKIFF 

*  2400 


X 

1A/1M 

3 

12.12 

.BS-FT2)  = 

1368.0 

WEIGHT < LB) 

X(AP,FT> 

Y<ABOV 

54.00 

4.88 

.75 

65.25 

-.50 

1.67 

4.50 

11.00 

1.98 

3.50 

6.54 

1.33 

.00 

.00 

.00 

6.50 

.17 

.67 

165.00 

1.17 

.79 

.00 

.00 

.00 

165.00 

6.21 

2.12 

.00 

.00 

.00 

463.75 

3.28 

1.40 

D I SPL ACEMENT ( LBS )  *  463.75 

LCGCFROM  BOW ( FT  )  » 

VCG ( ABOVE  BL(FT  )  »  1.40 

PITCH  IN.(LB-FT2)  *  5136.48 
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WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

Z 

SKIFF 

TEST  NUMBER 

s 

1500 

LOAD 

s 

2F/1M 

LOA(FT) 

a 

12.12 

LIGHT  INERTIA  IN  PITCH(LBS-FT2) 

s 

1366.0 

ITEM 

WEIGHT(LB) 

X(APjFT) 

Y( ABOVE 

1BARE  HULL 

54.00 

4.66 

.75 

20UTB0ARD  MOTOR 

65.25 

-.50 

1.67 

3GYR0 

4.50 

11.00 

1.96 

4HST 

3.50 

6.54 

1.33 

5FWD  WAVE  PROBE 

3.25 

12.29 

2.50 

62  AFT  WAVE  PROBES 

.00 

.00 

.00 

7 WEIGHT  A 

165.00 

6.63 

1.50 

6WEIGHT  B 

165.00 

6.63 

1.50 

9 WEIGHT  C 

165.00 

6.21 

2.12 

10TETHER  CHAIN 

.00 

.00 

.00 

TOTALS 

625.50 

6.65 

1.63 

DISPLACEMENT (LBS)  -  625.30 
LCG ( FROM  BOW (FT  )  >  5.26 
VCG< ABOVE  BL(FT  )  »  1.63 
PITCH  IN. (LB-FT2)  «  6730.64 
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WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

= 

DORY 

TEST  NUNBER 

= 

2600 

LOAD 

= 

1A/1H 

LOA(FT) 

= 

15.63 

LIGHT  INERTIA  IN  PITCH(LBS-FT2)  = 

2465.0 

ITEH 

WEIGHT(LB) 

X<AP,FT> 

Y( ABOVE  BL,FT> 

1BARE  HULL 

155.00 

8.06 

.73 

2GYRO 

4i50 

11.63 

.69 

3NST 

3.50 

6.50 

.17 

4FWD  WAVE  PROBE 

.00 

.00 

.00 

5AFT  WAVE  PROBE 

3.25 

.00 

3.06 

6WEIGHT  A 

165.00 

2.75 

1.54 

7WEIGHT  B 

165.00 

8.50 

1.44 

6WEIGHT  C 

.00 

.00 

.00 

9TETHER  CHAIN 

.00 

.00 

.00 

TOTALS 

496.25 

6.42 

1.25 

DISPLACEMENT (LBS) 

X 

496.25 

LCG(FROH  BOW (FT  ) 

X 

9.42 

VCG ( ABOVE  BL(FT  ) 

X 

1.25 

PITCH  IN* (LB-FT2) 

■ 

6164.27 

WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

S 

DORY 

TEST  NUMBER 

c 

2700 

LOAD 

s 

1A 

LOA(FT) 

s 

15.83 

LIGHT  INERTIA  IN  PITCH(LBS-FT2>  = 

2485.0 

ITEM 

WEIGHT (LB) 

X(AP,FT) 

Y( ABOVE 

1BARE  HULL 

155.00 

8.08 

.73 

2GYR0 

4.50 

11.63 

♦  69 

3HST 

3.50 

6.50 

.17 

4FWD  WAVE  PROBE 

.00 

.00 

.00 

5AFT  WAVE  PROBE 

3.25 

.00 

3.06 

6WEIGHT  A 

165.00 

2.75 

1.54 

7WEIGHT  B 

.00 

.00 

.00 

BWEIGHT  C 

.00 

.00 

.00 

9TETHER  CHAIN 

.00 

.00 

.00 

TOTALS 

331.25 

5.38 

1.15 

DISPLACEMENT (LBS)  >  331.25 
LCC(FROH  BOW (FT  )  »  10.46 
VCG( ABOVE  BL(FT  )  >  1.15 
PITCH  IN. (LB-FT2)  «  50*9.09 
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WEIGHT  AND  INERTIA  CALCULATIONS 


BOAT 

=  DORY 

TEST  NUMBER 

=  1800 

LOAD 

=  IF 

LOA(FT) 

=  15.83 

LIGHT  INERTIA  IN  PITCH(LBS-FT2) 

=  2485.0 

ITEM 

WEIGHT(LB) 

X(AP,FT) 

Y( ABOVE  BL,FT> 

1BARE  HULL 

155.00 

8.08 

.73 

2GYR0 

4.50 

11.63 

.69 

3MST 

3.50 

6.50 

.17 

4FWD  WAVE  PROBE 

3.25 

16.00 

2.67 

5AFT  WAVE  PROBE 

.00 

.00 

.00 

6WEIGHT  A 

165.00 

12.50 

1.17 

7WEIGHT  B 

.00 

.00 

.00 

8WEIGHT  C 

.00 

.00 

.00 

9TETHER  CHAIN 

.00 

.00 

.00 

TOTALS 

331.25 

10.39 

.96 

DISPLACEMENT (LBS) 

=  331.25 

LCGCFROM  BOW (FT  ) 

*  5.44 

VCG( ABOVE  BL(FT  ) 

*  .96 

PITCH  IN. (LB-FT2) 

*  4236.11 

ABgffliDIX  2 


CQEf FICIEUTS  Hi  HUE.  EQUATIONS  Q£  MOTION  FROM  HANSEL 

This  Appendix  lists  partial  outputs  of  computer  program 
HANSEL  containing  the  hydrostatic  and  hydrodynamic 
coefficients  in  equations  of  motion  individually  for  each 
load  condition. 

The  following  page  is  a  copy  of  the  HANSEL  printout 
defining  the  non-dimensionalization  of  the  dynamic 
quantities. 

The  data  consists  of  three  pages  per  each  loading  case.  The 
first  lists  hydrostatic  coefficients  in  the  equations  of 
motion/  as  well  as  geometrical  and  inertial  quantities  used 
in  non-dimensionalization  of  the  dynamic  terms.  The  second 
and  third  pages  present  non-dimensional  added  mass  and 
damping  coefficients,  respectively. 
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Clit 


TFE  FO*CE  0 l h£  KS I  ON  UttO-IChS  .  IKE  PU*EM  OMEN*lQfc  USEC-FI-TONS 


TEST  100 


HYDROSTATICS 


LENGTH  9ETHEEN  PERPENDICULARS:  8.7700 

SEAM  AT  HI  OSH  IPs  3,0000 

OISPLACEO  V0LUHE/a/2M»3*  .640089E-01 

LONGITUDINAL  CENTER  OP  90YANCY/ f L/2  >  =  .131918E+01 

VERTICAL  CENTER  OP  BOVANCT/L=  -.169439E-0I 

HETACENTER  HEIGHT  OVER  NATE-PLANE/L=  .  J12532EA00 

HEAVE-HEAVE  RESTORING  COEFFICIENT*  .  38  3o LEE*  02 

HEAVE-PITCH  RESTORING  COEFFICIENT*  .526738EM1 

PITCH-FITCH  RESTCRING  COEFFICIENT*  ,370373E*ti 

DISTANCE  OF  CENTER  OF  GRAVITY  FROM  THE  FORNARO  HOST  STATION*  0, 

7-COOR  tl NATE  OF  THE  C.G.*  ,780000E*00 

TOTAL  HASS*  .0047 

(ROLL-RADIUS  OF  GYRATION/LI «*2*  .160000E+00 

(PITCH -RADIUS  OF  GYRAT TON/LI  *  *2*  ,16A200E*«0 

(YAM-RADIUS  OF  GYRATIOK/L1 »»2*  ,i64200E*00 

CENTRIFUGAL  HOHENT  YAH-RCLLFHASS/L**2*  0. 
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ADDED  MASS  MATRIX 


DAMPING  COEFFICIENT  MATRIX 
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TEST  300 


HYDROSTATICS 


LENGTH  BETWEEN  PERFFNOICULARS*  g.CtuO 
BEAN  AT  HjnsHIF*  5.21.30 

OIS®LACEO  VOLUH£/I|./2»,*3*  .1261 

LGNGI T  URINAL  CENTER  OF  BOY ANC  Y/  IL /  2I *  .132E03E*Q1 

VERTICAL  CENTER  OF  80YANCY/L*  -.  2877YI.E-01 

HETACtNTER  HEIGHT  OVER  NATE-FLANE /L*  .231317E+G0 

HEAVE*  HEAVE  RESTORING  COEFFICIENT  *  .22636<t£«02 

HEAVE-PITCH  RESTORING  COEFFICIENT*  .tOOlSREYtl 

PITCH-PITCH  RESTORING  COEFFICIENT*  .215532E+C1 

DISTANCE  0  I  CENTER  QF  GRAVITY  FRCH  THE  FORHARO  HOST  STATION*  0. 

7-C00RCINATE  OF  THE  C.G.s  .67G000£*(13 

TOTAL  HASS*  •  GG 7i 

IROLL-RAOIUS  CF  GYR ATION/L »»«2=  . 160 OU 0E*d C 

CFITCH-RAOIUS  OF  GYRAT10N/L»**2=  ,1Y?500E*00 

(YAM-RAOItlS  GF  GYRATION/LI *»2*  ,132500F*00 

CENTRIFUGAL  HOHENT  YAN-ROLL/MASS/t**2*  3. 


299 


0  MASS  MATRIX 


9  9  9  it  «\*  f»-  ivH«\jic*4/No(r«^w*ion 

-«^N»CfgvtNHlV4NU'»Ci4Mr>(J»OMrN0*O<r 

«ou'»4  0'i^u.Kj0'ir'kr<vjKCKe#r-iri>>HKifl 


lii  li.  (U|UUWM«UMUtUI»«IUWUl 
nnMMMP^cwoiVnMv 
MN*VCON9<0  io  j  o  <t  o  k 
«4tfN  ^IfiunMiiaOlilKKN 

•  ••«••••*•••*» 

^  *4  (M  M  n  l>)  «  J  U<  U<  <U  <D  ^ 


^  I  I  I  I  I  I  I  I  I  «  »  I  I  I  »  I  I  I  I  I  I  I  I  I  I  I  »  «  I  •  «  I  I  *  I  t  •  I  I  I 

»  I U  U  UJ  III  ItJ  (II  Ui  U‘  li<  HI  m  tu  Uf  U*  Ui  UJ  tu  Ul  til  Ul  U‘  UJ  UJ  UJ  Ul  b>  U«  Ui  UJ  U>  UJ  U  U<  IL1  u1  IU  Uf  (j«  (jj  (if 

N«fijo'i/'iCtfeiceojrtir<iAj:w4N»iK4NNKotf'-»0'#>CH(rTioM)#tio 
■•MiiiNU'Wf.  ir\K\  T4«j(\ji»<iiou'ir'^Air'ifwF)«(|r>u*i<r«iru'**<f  i^owhu'oion 
4  h  f>>  w  o<  ^  •r4»ir><\j«^oiWi£Lnro^4r'jf\jr,’^n^  9  /  m  j  «c  k 

(Tea<c  o  4V<ir  hc  K  ictriMP^i^j'WWinMBWWWl'HOnnwMwwinin 

lflKKtfci£tf'^jW('JNM'HH*lr<^t^H*4H^T4»4HT4*frlT<HHTl»l»4»4»4r(Tl»4»4 

fy^NNNNMfgWffMMM^KtWWIflMWWWfnP^WW^^Mfl^MWW^WRIWN 
^oooaoooaaooaoeopoaeoaeooooaoQoeeeooooooa 
«£>  I  I  (  <  I  I  I  I  I  I  I  I  I  I  I  I  I  •  I  I  (  I  •  I  I  •  *  I  «  (  •  •  I  •  I  *  •  •  I  I 

•  ilj  y  jy  lil  lii  jy  UJ  |y  |ii  m  |y  |y  ly  |y  lii  |y  |y  lij  |y  |y  |y  |^  |ij  |y  |y  |y  |y  |y  |y  iy  ul  |y  lii  |y  ill  ly  lii  iy  ly  |y 

IMinKNO^CITN  DV,mU'^ir(M«O0NM(rMKMKK  il>«UfVJ-*tf>tf'fU«0Pn.r*4AJ*'>«««D 
Oi*HNaiM/'Jaij*no'ooiMJ4/['j^fnO’e*)OQfia'no 
<  N  b  IMM  If  fnnn««4rw«KNn««f(MMK\fc«i<40«4(roi40C 

tfMrj*4vfi^tOftJfOOW(Vnr«H^iCkK«OW4K(TO^fVi(rjO'^»‘HI/'NOO*4rt 


if«TlU>MM^',iN444i4<rJinU> 


•  aooocJOOaooaeoeoooi 


looociaaaao^ouooaoo 


•  ujujufwuiu.uitu  ui  ui  tu  uj  tu  uj  ui  >ii  uj  m  ui  ui  lij  lii  lij  ui  tii  lii  iii  uj  uj  uiuiujuiyuiuiuiujui  uj 
Mii^i£Krj<4f>-^o<^T«niMi'o^iiQ()j*4lrc(MrcMO>onifiU'juNjinj«<a>«4« 
>»»fU’Komi''«a*iOO'NO'Mu#«|bO'#'N»,*,uN**»'“«tii(if<ip»<'*wqyaijio 
aovitCHNou1  j  *-<  r»  i/mm  o  j  ui  j  cU'U'OHv4Kiu;*4 

*>fUNJ,4«)iOin4MOir«NKN^««)®B'OOWMNNW*»»««l"Wi"rfiJ^jU' 


wNMWNNMvwNNWM^M^wwwMrwwwwMnwnwf'tmnnMMMwwn 
*4-)i3uuoouoaL3uc*aouoaowoauwuiui9UvouMUowoot»uwe 
iT  t  (  I  I  I  »  «  «  |  I  I  I  I  I  «  t  I  I  •  I  I  f  •  •  •  I  I  I  I  I  •  I  I  I  I  I  I  I  I  • 

•  UiUJUJIiJUiUJUiUlUiUiUiliiiUUJUiUJUiUiUJUJUJUiUiUitoitUUJUJUIlWlUUiliiUiUlUiUJUJlilUJ 
it,ir^f>-u'tfiVviKQru^HOQ'^o«r«^N<fi«K4^UMrM<rK«44i>«4a«4rj<oift«jr 
»iCUMuirnNUiH*4o«4HH9'NuN<fl<MU0'j«HMa^«4ff>4i3nonK)O'N«4KfO 
<^KNO'u>NMrNKjnc(\jtfa>i£iAirirKo^«in0'iM,>/iiNirjn«|4ir<Adr(Mir<0 
f"»"r?vj^o*ktfNjMHciWKHioft«5iMM(r«'C-ff"*«o(r(T>o>(rcro>»0»B»<r»i 


(viiuniwtNJHviH^nMHtf’tiWN^iWi 


I  )<>  Ut  UMTlft  U<  U'  J  ^  #  9  9  9  9  9  9  9  9  9  \f\ 


-oo  iooaaooaaooo  aooooooaaoooaotioaooeoaoeoo 

in  i  i  i  I  (  i  i  I  i  i  <  •  I  »  »  I  i  l  l  i  t  I  •  l  •  I  i  I  i  «  •  «  I  •  •  I  •  •  •  I 

«.UulUJLUUJUlUiUIUJUIUJiiiUiUJUJ(iiUJUiUJUiUiUiUi(UUiU4UJUlUIUJUlUJUJUI(iiUiUiUJUJUI 

*.r.^ojcuiHju'N«ur^BoojHNir«\M»jMn»4jJaMHC^oii\«o«\nf«o 

«nurKM<iHC\jU'NJdc3J(M4uiL)r>iju'(u-rNoNJ«s««<J,aoo'4*f^Mj 

<\j  f-  jwir«N4nntruMMru'«i'irir4><fiio«.K  NK««jc«c»«i®u*o'iru'u»u'U'(r 
^Klf»*^<MOiCVi(U<MfVi<M«NirM<M(MfVifUM<Vf(M(\irur\i(Si(NirsifU«V(Ni(M(Ni«V4CJ«VJrs|(Vi<V<Vi(M(Vi 

^oonoii'io'sauooouooauoaijoaoao^oaaoooooouoaa 
9  I  I  I  I  I  •  I  •  I  <  I  I  I  I  I  I  I  f  t  I  »  I  •  •  |  •  I  •  I  I  »  I  •  I  |  I  «  |  •  I 

•  uiujuJU<uJuJUiU>UiyuiUi'iiiuiuuiujuiuJuiuimui  uj  ui  ui  uj  ui  uiuiJiuiiuuiuiuiuJuj  ui  ui 

j  ^  n  ivj  ^  j  uMNU'<rrK(\jr«^o(uri««tMOaNir-f«4(M«uKei  -rH*4<£OiOin« 
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TEST  500 


HYDROSTATICS 


LENGTH  BETWEEN  PEFFENCICULARS*  11.4E0O 
REAM  AT  MIOSHTC*  E.ei.00 

OISPLACEO  V0LU*<E/<L/E»«»3*  .4SSC13E-tl 
LONGITUDINAL  CENTEF  0F  BCY ANT Y/ IL/c » =  .1193»9E*0t 

VERTICAL  CENT Ec  Or  80YANCV/L*  -.1I53I4E-01 
HETACENT£R  HEIGHT  OVER  WATE-PLANE/l*  .Z1??*«£*00 
HEAVE-HEAV®  RESTORING  COEFFICIENT*  . 447224E* t? 

HEAVE-PITCH  REST0°1NG  COfp»IC1ENT*  ,343434E*01 

PITCH-PITCH  RESTORING  COEFFICIENT*  . J6939?£«tl 

OISTANCE  OP  CENTER  CF  GRAVITY  FRCP  THE  FCPNARC  HOST  STATION*  C. 

7-COORCINATE  CP  THE  C.G.*  .«770&0E»0? 

TOTAL  HASS*  .007* 

IRCLL-RAPTUS  OP  GYPATICH/L* .  m08!)E*OC 
(PITCH-RADIUS  CP  GYRiTlON/LT  •  *2*  .U'900E*00 

(YAW-RAOIUS  CF  GYRATION/LT**?*  .11SRV8E»00 
CENTRIFUGAL  PCHENT  YAW-RGLL/*ASS/L**2*  3. 
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DAMPING  COEFFICIENT  MATRIX 
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DAMPING  COEFFICIENT  MATRIX 


test  1100 
hydrostatics 


LENGTH  AETWCFN  P  t  F  FENO  ICULARS*  5.T820 
BEAH  AT  HIOSHlFs  T.FROQ 

OISPLACEO  VOLUl' t  /  (L/2  l  *  *  5=  .28 1  S41E  ♦  i  0 

LONGITUDINAL  CCNTCF  OF  8CY ANCV/  IL /2  >  =  .128-8.iE«ai 

VERTICAL  TENTER  OF  EOYANCY/Ls  3591L0E-01 
HETACENTFR  HEIGHT  CVER  WATc-PLANE/L*  .5491J2E*C0 
HEAVE-HEAVE  ffSTG'ING  COEFFICIENTS  .124398E*02 

HEAVE-FITCH  RF  $T  CR  If.G  COEFFICIENTS  .21E41EE«U 

PITCH-PITCH  fi ESTOP ING  COFFFIClcNTs  .163230E+C1 

DISTANCE  OF  CfNTFF  CF  GRAVITY  FROM  THE  FORWARD  HCST  STATION 

2-COORCTNATF  OF  THf  O.G.=  .  851'j  0f>£*  00 

TOTAL  HASSs  .0048 

IRCLl-FAOIUS  OF  GYFATTON/L 1»*2=  .  1  EC00  ii£*00 

I FITCH-RADI  IIS  CF  CYRAT  IOK/LY  •  *2=  .14SOOJE  +  GO 

tyaw-oaotus  of  gyf«tion/l»«»2s  .inbodoefoo 
CENTRIFUGAL  HCMENT  VAW-R CLL/PASS/L»*2*  0. 


DAMPING  COEFFICIENT  MATRIX 
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TEST  1300 
HYDROSTATICS 


l£NGT ►  8£TH£tN  PtRFENOICULARS= 
BEAN  IT  NIDSHTFs  3.«aOJ 


5. 341.0 


UICEO  VOLUME  /  fL/21  **3=  .  28 c  363t  ♦  (.0 

ITtlOXNAL  CENTER  OF  90Y  ANCT/  IL/2  I  -  .126E93fc«01 

1C«L  CENTER  CF  BOY  ANGY /L=  3593  ST E-C 1 

CENTER  HEIGHT  TVER  MATc-PLANE/L=  .55S059E+0J 

t-HEAVE  RESTORING  COtFFICIENT=  .  1?5„3<»E»  12 
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HYDROSTATICS 


LEKGTt  AETNEEN  PERPENDICULARS*  13. 23.0 
BE  AH  IT  NIOSMP*  F.173i 

OISPLICEO  VOLUMF/U/2l**3*  .S33320E-01 
LONGI 3UDINAL  CENTER  PF  6CYANC Y/ IL /2> =  .1271,,7e*Cl 

VERTICAL  CENTER  CF  EGYanCY/L*  -.251971E-0I 
HETAC  INTER  HEIGHT  CV£fi  WATL-FLANE/L*  .  22E6<.5E*00 
HEAVE-HEAVE  RESTORING  COEFFICIENT*  ,2V  £2<.5E«  t? 

HEAVE-PITCH  RFstcrtno  COEFFICIENT*  . RE Je45E* CO 

FITCF-PITCH  RESTORING  COEFFICIENT*  ,142GCI.E«ai 

DISTANCE  OF  CENTER  CF  GRAVITY  FROM  THE  FORWARD  HOST  STATIC! 
2-COO IOINATE  CF  THE  C.G.*  .S!00C3E*03 

TOTAL  MASS*  .0230 

(ROLL-RADIUS  OF  GYRATICN/L )««2*  .1FCOOOE+OC 
(PITCH-RAOIUS  CF  GYRATIOK/l»«*2*  .EOROODE-Cl 
(  YAH-R  AOIUS  OF  GYRATION/LI  **2*  .8S<tGOOF-01 
CENTRIFUGAL  HCHENT  YAM-RGLL/PASS/L*»2=  C. 


ADDED  MASS  MATRIX 
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HYDROSTATICS 


LENGT  t  AETMEEN  Pt  RF  ENOICULARS: 
BEAN  t  T  MIOSHIP*  E.lME 


11.23. 3 


OISPL  /CEO  VOLUH€/(l/21»»3-  .EJ3320F-31 

LONG! 1UOINAL  CENTER  Of  EC* ANC */ II /2>:  .12?1..?F*C1 

VERTICIL  CENTER  0*  EGVANCT/L=  -.251971E-01 

HETAC INTER  HEIGHT  CV£R  NATl-FLANE /C=  .22£6R5E*GQ 

H£AV£-H£AVE  EFSTORING  COEFFICIENT*  . 24 E245E ♦ ( 7 

HEAVE-PITCH  RFSTCRTNG  COEFFICIENT*  .RGJP45E*  CO 

PITCN-PITCH  RESTORING  CCEFFICIlNT*  .142‘>G4E»01 

OISTANCS  OR  CENTER  CP  GRAVITY  PROM  THE  FCRnARC  MOST  STATIC! 

2 -COO  f GINATE  CP  THE  C.G.*  .5!00C3E*03 

TOTAL  MASS:  .3230 

TRCLL-RAOIUS  OF  GYRAMCN/LI**2=  .1FCQGOL  +  OC 
IPITCN-RAOIUS  CF  0VRATIGN/LI##3-  • E04003E-C1 
(YAW-RAOIUS  OF  GVRATION/Ll  **2=  .  B.4GOOF-II1 

CENTRIFUGAL  MOMENT  YAM- RCl 1/ N ASS/L* *2=  0. 
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LENGTH  BETMEEN  PERPENOICULARS- 
BERN  IT  MIDSHIP-  5.021* 


OISPLICEO  VOLUME/ tL/2)  .E70557E-01 

LOkGI  IUOINAL  CENTER  OF  BGVANCV/ IL/2 »-  .960E72E*00 

YERtICAL  CENTER  OF  BOVAKCV/L-  -.2I6732E-01 
HETACENTER  HEIGHT  OVER  NATE-PLANE/L-  . 23991*E«00 
HEAVE-HEAVE  RESTORING  COEFFICIENT-  .32*7652*0? 

HEAVE-PITCH  RESTORING  COEFFICIENT-  -.lAS7a7E«ll 
PITCH-FITCH  RESTCRING  COEFFICIENT-  .2059371*11 

7^COO*rf«*I«CSrTf!c0^  ®R**ITY  F*C"  TH*  FCRN#  30  HCST  STATfCM 
7-C003CINATE  OF  THE  C.G.«  .  WCuQ(l£*0S 

total  pass-  .02*7 

TROLL-RADIUS  OF  GTRATION/LT **2-  .16iaO0E*flO 
IPITCF-RA01US  OF  GYRATI CN/LI **2>  .S7S00CE-I1 

TVAH'RAOIUS  OF  GyRATIOR/Lt **2a  .*790002-01 

CENTRIFUGAL  FOMENT  VAN- ROLL/*1  ASS/L*"2-  0. 
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HYDROSTATICS 


LFNGTH  AEtxrfN  PERPFNCICULAPS*  9.Z60C 
8FAP  AT  HICSHIP-  3.6750 

0  IS  PL  ACF  0  VClUPE/IL/2I«*3*  .101l7fE»00 

LCNGirUCINAL  CtMIS  Of  80  YANCY/ <L  U  »  ■  .1410MC*01 

VFRTICAL  CfNTtK  CF  P.C  VANC  V/L  •  -.75AB10E-01 

PET  ACF-V  Tf  R  HEIGHT  OVER  wA  TE -PLANE  /L  -  .?66  790E*00 

HEAVE-HEAVE  RESTORING  COE  FF  1C  IE  M*  .<!S0578E*07 

HEAVE-PITCH  RESTCR1NC  COE  FF 1C  IE  NT  *  .2POOSOE*Cl 

PITCH-PITCH  RESTCRING  COEFFICIEM-  .1EO7S7I.01 

OISTANCf  CF  CfNIEP  OF  GRAVITY  FRO*  THE  FORXARO  POST  STATION 

T-COOROINATF  OF  THE  C.G.-  .2^000CF*0C 

ICTAt  PASS*  .0087 

I ROLL-R AC  I  US  OF  CVR A! I CN/l I **7-  .lfcOOOOF»00 
IPITCH-RACIUS  CF  GYRATION/!.  .10«700E*00 

IVAW-RACIUS  OF  GYRAT ICN/L l«*2-  .10A7COE*00 

centrifugal  *opekt  yan-rull/pass/l**/-  o. 
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TEST  2400 


HYDROSTATICS 


LtNGTH  UClhttN  PE KPt NL ICUL A« S*  V.HSUO 

tit  AN  At  ML' SHIP*  I.  7J.'1 

DISPLACED  VIILUMI  /  IL  U  »»»J«  .uHlUt-tll 
L  ONG I TLC I N  AL  CENTER  Lf  dU Y ANC  Y/ I L / 7  I ■  .13bl3‘iE»Ol 
VERTICAL  CENTE  K  uf  UOYANLY/t*  lb  l*i  4 1 1  -01 

NETACENTFP  HE  I  CM  I  OVER  HA  IE -PLANE /L  •  .  UD'ES  8  f  *00 

HEAVE-HEAVE  RFSTCRINC  COEFFICIENT*  .  I671J'FE  *02 
HEAVE-PITCH  ft f  S  TCP  INC  COEFFICIENT*  ,31?1S3E*01 
PITCH-PITCH  ftESTOftlNC  COEFFICIENT*  7F  *C  1 

DISTANCE  CF  CENTlft  UF  GRAVITY  fROfl  The  F Oft mAK D  HOST  STATION-  0. 
Z-CUORO IN  ATE  OF  THE  C.C.*  .S*U00CE«00 

TOTAL  NASS*  .OObN 

IRULL-ftAOILS  CF  GYMATICN/L l**Z*  .lb0U00E*00 

IPITCH-ftACIUS  CF  CYRAT|CN/L>»»Z*  .11S700E‘00 
IYAh-HADIuS  OF  CYFATICN/L  l**<!*  •  1  In  ZCCE  *00 

CENTRIFUGAL  hohem  YA«-R0LL/NASS/L*»7*  0. 


MASS  MATRIX 


DAMPING  COEFFICIENT  MATRIX 


TEST  2500 


HYDROSTATICS 


LENCTH  otThttN  PtkplAUICULARS-  N.BSoO 
AT  ►ICSHlt>. 

OISPLACEO  VOLUNE/lL//T**J-  .oIVll/E-Ol 
LOnGITURIAAL  CENTER  CF  BUVANCY/IL//I*  . I  lb l isE  *  0 1 

VERTICAL  CE  ATE  R  Uf  BUYAaCY/l*  le/OVl  E-Oi 
NETaCENTER  HEIGHT  OVER  rATE-PlanE/l*  .  330NSBE *00 
HEAVE-HEAVE  SfSICRINC  COE  FF  1C  IE  AT  *  -  .}67<mf»0/ 

HEAVE-P  ITCH  RESTCMNC  COEFFICIENT*  .31/1S3E*01 

PITCH-PITCH  RESTORING  COEFFICIEAT-  ./*«  V<i  7E  «C  I 

DISTANCE  Cf  CENTER  UF  GRAVITY  FROM  THE  FORaARO  POST  STATION*  U. 

/-COORDINATE  OF  THE  C.C.*  .J0000GE*00 

TOTAL  NASS*  .006V 

I  ROLL -R  AO | L  S  CF  CYRATICA/LI**/*  ,160000F*00 
IPITCH-RAOIUS  CF  CYRATICN/LIAA/*  . I IV/OOE *00 
IYAh-RADIUS  OF  GYRaIICA/L »••/-  • I lv/COE  *00 

CENTRIFUGAL  noneat  YAa-ROLL/NASS/L**/*  0. 
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DAMPING  COEFFICIENT  MATRIX 


TEST  2600 


HYDROSTATICS 


LENGTH  BETWEEN  PERPENDICULARS*  11.0700 
BEAN  AT  NIOSHIP*  2.6098 

DISPLACED  V0LUNE/IL/2I**3-  .971007E-01 
LONGITUDINAL  CENTER  OP  80VANCY/ IL/21*  .10**7SE»01 

VERTICAL  CENTER  OF  BDYANCY/L*  -.2083S8E-01 
NETACENTER  HEIGHT  OVER  WATE-PLANE/L-  .7B6661E-01 
HEAVE-HEAVE  RESTORING  COEFFICIENT*  .299198E»02 

HEAVE-PITCH  RESTORING  COEFFICIENT*  .12913SE*01 

PITCH-PITCH  RESTORING  COEFFICIENT*  .173162E»01 

DISTANCE  OF  CENTER  OF  GRAVITY  FRON  THE  FORWARO  HOST  STATION* 

2 -COORDINATE  OF  THE  C.G.*  .S80000E»00 

TOTAL  NASS*  .0069 

< ROLL— RAC IUS  OF  GYRAT ION/LI **2*  .160000E«00 

I  PI  TCH-RAO IUS  OF  CVRATI0N/Lt**2*  .101700E*00 
I  YAW— RAOIUS  OF  GYRATION/L 1**2*  .101700E<00 

CENTRIFUGAL  NONENT  YAW-ROLL /NASS/L**2*  0. 


DAMPING  COEFFICIENT  MATRIX 


TEST  2700 
HYDROSTATICS 


IfNCfM  BETWEEN  PERPENDICULARS* 
BEAN  At  N10SHIP*  2.ASI2 


4.0000 


QISTltCEO  V0LUHE/IL/2I**}-  .5B0977E-01 

C€M,t*  BOYANCY/  (L/21*  . 101490E«01 

VERTICAL  CENTER  Of  RQVANCV/L*  -.21Q1O2E-01 
NET ACENTER  HEI6HT  OVER  MATE— PLANE/L*  .l0134OE*OO 
HEAVE-HEAVE  RESTORINC  COEFf  1C  IE  NT* 

HEAVE-PITCH  RESTORING  COEFFICIENT*'  .172»74E*01 
PITCH-PITCH  RESTORINC  COEFFICIENT*  .I77BS7E»01 

2— COOROINATfCflA^ruf F#0"  ™£  ™RMARO  HOST  STATION-  0. 
2—  .vCv INATE  Of  THE  C.C.*  .460000E»00 

TOTAL  HASS*  .0046 

IROLL-RAOlUS  OF  GYRATION/LI *62*  .UOOOOE'OO 
(PITCH-RADIUS  OF  CVR AT I0N/LI 4*2*  .IRRROOE-OO 

I  YAM-RADIUS  OF  CVRATIOH/L IV*2-  .IRRRO0E*OO 
CENTRIFUGAL  HOHENT  VAM-R0LL/HASS/L«*2-  0. 
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HEHS10NALIIED  *OOEO  HASS  COEFFICIENTS- 
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Ibl 


TEST  2800 
HYDROSTATICS 


LENCIH  SETMEEN  PERPENDICULARS*  B.90Q0 
■EM  AT  MIDSHIP*  2.3400 

DISPLACED  VOLUME /IL/2 1  P*3*  .715936C-01 

LONCITUOINAL  CENTER  OP  BOVANCV/ IL/21*  .9*969*E«00 

VERTICAL  CENTER  OF  BOVANCV/L*  -.2T21L4E-01 
HETACENTER  MIGHT  OVER  NATE-PLANE/L*  .932  6  3  2E-01 

HEAVE-HEAVE  RESTORING  COEFFICIENT*  .23?2T0E»02 
HEAVE-PITCH  RESTORING  COEFFICIENT-  -.I79990E*0» 

PITCH-PITCH  RESTORING  COEFFICIENT-  .193S39E-01 

DISTANCE  OF  CENTER  OF  GRAVITY  FROM  THE  FORNARO  MOST  STATION-  0. 

{-COORDINATE  OF  THE  C.G.-  .410000E*00 

TOTAL  MASS*  .009* 

(ROLL— A  AO  I  US  OF  GTRATI0N/LI«*2-  .UOOOOE»00 
(PITCH-RADIUS  OF  GVRATION/L !••*-  .1R3000E-00 

(YAM-RADIUS  OF  CYRATI0N/LI**2-  *I»OOOE«00 
centrifugal  moment  VAN-R0LL/RASS/L**2-  o. 
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SAN  FRANCISCO  BAY  WAVE  SPECTRUM 


WAVE  SPECTRUM  2 


Significant  Wove  Height  *  0.2 


Figure 81  -WAVE  SPECTRUM  4 


to  -  0.570  mtoer* 


B2  WAVE  SPECTRUM  5 


figure  83.  WAVE  SPECTRUM  6 


84. WAVE  SPECTRUM  7 
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